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INTRODTJQT ION 
As Waddington (1942) .mongst thrs ointed out, 
the main interest in embryology hao shifted from a 
static and mechanical viewpoint to an interest in the 
dynamic functional aspects of differentiation and 
analysis into physical and chemical factors. The 
kernel of all developmental problems of morphogenosis 
is the process by which a mass of cells assumes a 
definite and organised shape. Our interest in this 
must be reborn from this new viewpoint; it must be 
considered one of the most fundamental of all the 
vital phenomena. It is always accompanied by some 
movements, changes in the shape of cells, and cell 
growth in time and apace. Such changes are always 
the expression of the metabolic activity of the cell, 
nd a number of metabolising cells undergo changes of 
shape of some such character, 	In the present 
investigation the cells of the notoohord of amphibia 
have been chosen as the subjects for a morphogenetica]. 
analysis, There are three reasons for this:"- 
(1) The notochord's joint role, together with the 
mesodex'm, in the organisation of the embryonic a.As, is 
a phenomenon fundamentally important in present 
day embryological theory,; (2) The structure of the 
differentiating chorda cell is comparatively simple, 
mid not obscured by the complications found in many 
other cytological types; (3) The role of the 
notochord during early development has often been 
u.nderect imated/- 
underestimated, and it is sometimes dismissed as 
merely a primitive structure of no epigenetic 
significance, In the present study an attempt will 
be made to show that this last notion is certainly 
unjustified and that it should be removed from any 
future consideration of the mechanics of early 
development. 
The aim of this section of the work is to 
attempt to account for the inorphogenesis of the 
chorda as an organised unit in terms of changes 
occurring in the individual cells of which it is made 
UP* To this end the changes of eell shape during 
normal development of the ohorda have been investi.-
gated., and studies have also been made of the 
shape changes of chorda cells in fragments of the 
organ under varying exe rimental conditions. In 
recent years Ioltfreter (1946a, 46b, 47a, 48) has 
been able to bring to light many types of embryonic 
cell-movement, and the processes involved therein. 
In general, however, he has not attempted any 
detailed, relation of various movements of individual 
cells to the process of morphogenesie of organs or 
large complexes of tissue, An attempt of this kind 
has been made, chiefly in connection with the rather 
complicated process of gastrulation, by cgt (1929) 
and later by Roltfreter (1943,44), 	It seems 
preferable to attempt to reduce organogenesis to 
its!- 
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its fundamental fetop of oell..movement, in the 
first instance to a somewhat simpler case such as 
that or the notochord In which the final shape 
assumed is merely a simple cylinder. Waddington 
(1939,42) made certain investigations on the magni-
tude of the forces involved in the shape changes in 
gastrulation,, and he, like Holtfreter, has drawn 
attention to the mass of cell surface as the site on 
which these forces originate. 	There have, of 
course, also been many studies on a purely 
descriptive level of the shape changes which occur 
during organogenesis, for instance, the studies of 
Lebmanri (1928) on the shape changes in the cells of 
the early neura]. plate s 	It is necessary, however, 
to supplement such purely descriptive work with an 
experimental analysis of the factors which cause 
such changes in shape. Of previous work on the 
notochord,, that of Boeke (1908) is perhaps the most 
important. It was, hoveyer, entirely descriptive in 
character and based on fixed and stained preparations, 
There appears to be no previous work which has 
attempted an experimental analysis of the histological 
factors concerned in noto chordal development.,  
MATERIAL/- 
The study is based on embryos of Triton alnestriB. 
Triton pt1jntu.s, and axoloto]. (Mib17stom t1rinum). 
The eggs were laid during the summer months of 1949 
and 1950, The Triton aljoestris were imported from 
Switzerland and Belgium in Bevez'al consignments, and 
the axolotol qlso originally came from Belgiim. The 
7riton Dalmatus were mostly local representatives. 
The animals were kept under excellent conditions in 
the aquarium of the Institute. They then laid eggs 
regularly from early April to late 4Ame. Towards 
the end of the breeding season a few scimenB were 
injected with a pituitary gono.doiz'oph LLoxnone 
(orgaixin) to attempt to prolong the laying season, 
This, however, gave only a moderate yield of 
ertilised eggs. 
nstrtizuent 
For many of the operations on the notochord a 
fine steel Ia.ife was used. This is generally 
prepared by grinding a steel needle on a nornal oil 
stone, Spemann glass needles were also used when 
necessary, and standard watchmaker's forceps and other 
accessories of amphibian technicjue. The instrumentr 
Were sterilized in an electrioal heat sterilizer; 




Full strength Holtfreter solution was used 
throughout. The pH of the Holtfreter solution was 
I regulated by adding phosphate buffer salts in the 
appropriate amounts, 2, KH2PO4 with 1. % L211PO4, 
to give a pH of?. Besides the nortua]. Holtfretez' 
solution, a series of modified Holtfretera were pro-
pa-red,, ranging from strong alkalinity to strong 
acidity. These i.iere prepared by adding the buffer sol-
utions in different proportions, as shown in the 
following table. 
Solution NaHPO4 Na112PO4 pH 
a 9.75+.1KOH 0,25 11.2 
b 0.25 9.75 + acetic acid. 31 
9.75 0,25 8.2 
d 9.0 1,0 7,6 
e 7,0 3,0 7,2 
t 3,0 7,0 6,4 
g 0.25 9,75 5. 
h 0.25 9.75 + acetic acid. 
1 9. 75 + • 05 K0 0.25 9. 
Pour other solutions were also prepared; solution 
'0' consisted of a modification of solution 'g', the 
normal concentration of calcium ions (0,1 graiwte) 
being omitted. 	Three solutions, namely 'j',  'Ic' and 
'V/u. 
1', were prepared with excess olciura by adding 
respectively double, four times and eight times the 
normal amount of calcium ions; the pH of these 
solutions vras measured to be 8.2. 	The solution: 1 1' 
.nhi '1' give precipitationa. 	It ap:es that calcium 
has reached its solubility limit. A solution with 
lower surface tension was also Dre1red as a modifica-
tion of the solution 0 (pH 8.2). The original 
surface tension of this liquid was noted to be 70.3 
drs per square centimeter. Two modified solutions 
'in' and 'n' were prepared by adding sodium lauryal 
	 S 
suiph iate in different proportions. Their surface 
tensions were measured as 66,, 8 dines and 53. 5 dynes 
per square centimeter. The measurements of pH were 
carried out by Dr Callan with a Cambridge pH meter. 
tension 
The surface-1/estimations were made through the co.- 
operation of friends in the Chemistry Department by 
dipping a capillary tube into the solution and 
measuring the height of the liquid column. 
The Method of 0peratio, 
The notochord cells were removed from embryos b' 
means of an opening through the ventral side, They 
could then be separated from the ectoderm lying c1orcai 
to them, and either put into culture or examined 
under the normal or the phase contrast microscope. 
After groups of cells had been dissociated by 
alkaline shook, single notochord cells were 
t ran of e rred/_ 
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transferred by means of a minute capillary pipette 
attached to long rubber tube and controlled by 
suction through the mouth, 
Histological methods. 
Loose chorda cells are quite fragile and must 
be handled very carefully when being transferred in 
a histological process. 	It was found, ho'cvor, th -'t 
embedding them in zylol was :orfeotly 3atisfaatory 
if the small masses of tissue were kept for not more 
than 2-3 minutes before being transferred to paraffin. 
Sections were out at lO,,.i and were stained with 
dilute haemat ojl in, 
0  SBRVkT IONS 
LIN 
A detailed study has been made of the movements 
and changes of shape of the notochord. The cells 
at successive stages were isolated and observed 
directly. The observations were recorded by semi-
diagranmatic sketches drawn from the intiavitally 
stained cells. 	It is appropriate to follow the 
course of notoohord.al development from the condition 
of cells of the dorsal lip of the early blaetohore. 
These are, in tact, the forezimners of the chorda-
mesodexi, We have already a good deal of informa-
tion on their structural detail through the work of 
Waddington/ 
MM 
Waddington (1942,47) and Holtfretep (1943), 	Their 
discoveries may be repeated here, since our ovM  
obserytjons fully confirm them. 
The cells of the dorsal lip of the early gastrk 
ula (Text Pig. 3a) are flask-shaped, the neck being 
occasionally very long, even threadlike, and these 
may radiate towards the oentre 	Their dynamic 
properties are very Instructive; in solution they 
roll up into spheres. In a small group they a)pear 
ME) a bunch of radishes or turnips. There is, 
however, no permanent distinction between the walls 
of adjacent cells. The cells of the marginal ZOflO 
whose nature has just been described, arrive at their 
final position through the movements of gastrulation.  
From the surface, these cells move much deeper into 
the embryo, and during the course of this movement 
assume a round shape (Text Fig. 3b) rSnd become more 
or less spherical or ovoi& The nucleuo for some 
time becomes more conspicuous. When the invagina-
tion is completed these cells constitute the roof of 
the arohentepon and lie immediately underneath the 
ectoderm, 
(i) Oçnnjatipn of t1 oo]J.s into the nc'toohor& 
After having formed the roof of the gut, the 
cells undergo an important morphogenetie change, 
- " ''r or dors2 layers soon separite from the 
1 ouie 
lower lying ones, this separation being both due to 
cell movement and to active mitotic d.ivisioi. The 
more dorsally lying cells that originate by this 
process of delamination ae throughout the entire 
length of the dorsal axis of the embryo larger than 
the cells lying  more deeplyy. The process of delám-
mat ion takes place as the embryo reaches the early 
neurula stage, and it marks the beginning of the 
formation of a definite notoohord rudiment. The 
cells are strung out one after the other in a sort 
of chain, ac indicated in Text B'igu.re l, 	The 
whole group is usually two o three rows thick. In 
fixed and stained preparations at this time the 
chorda as a whole, is moderately round in cross 
section, the cells being pressed together to some 
extent from all sides, Thus by the end of the 
delamination process the contour of the cross sect icfl 
of the cbord.a is already more or less circular, as 
it is in the latter stage, The cells may be 
attached to one another, either by a contact of 
smooth curfees, or by irregularities of a pseudo.-
podial nature. The cells are still full of granules. 
(ii) --teorganiagtiM of the notochord1. ooll 
Soon after the preliminary grouping of the 
cells into the early rudiment of the early notochord, 
another significant change can bese-nu The change 
oonsists/.- 
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consists of the first appearance of a definite noto.-
chordal sheath, and occurs in embryos during the very 
early tail bud stage. The most important features 
of the change are as follows:- 	the eell walls 
become invisible; the notochord is bounded by a 
narrow sheath within which the chordal tissue 
appears as in Text Fig. lb. In histological prepara.-
tione of trnsyepse sections the eell walls are 
completely impossible to detect. Cell division can 
be observed to occur both in the middle of the 
chordal rudiment and in the peripher 
b 	 C 
I 
Text F. .L Shoving the entire ziorphogcnetic roc 
of the notochorc].al cells during the normal develoixa ,nt. 
a - round cells organising the notochordal rudiment; 
b the Oe]J.B of the notochord undergoing the oog'nii. 
isation phase 
o - after effects of the'reorganisation pha3e' 
d - cells tend to elongate and to become polygonal; 
e - cells becoming more polygonal, vacuolated with 
f - 	 ? 	 chorda cells. 
-.11.- 
fects of the reorwti4cation an the notochord 
cells.. 
At the late tail bud stage profound after effects 
of the reorganisation can be seen. The eell walls 
have once again become visible; a distinct noto-
chord at this time shows similar configuration to 
that which has been drawn in Text Fig. lo, The 
roundness of the cells has been lost, and instead 
they tend to become rectangular in shape. The 
cells are now orientated very characteristically 
one after the other in an anterior-posterior row,, 
piled on top of each other like a row of coins. 
The nuclei of these cells normally occupy the 
middle region of each cell. As is apparent in the 
drawing, the rectangular cells, have very unequal 
dimensions, the length along the notoohord being 
very much less than the width of the cell from side 
to side. The cells are still completely filled 
with yolk granules; a photograph of a notochord at 
this stage is shown in Plate I, figure 1. 
In the next stage the flattened, rectangular 
cells appear to change 
more equal dimensions. 
and takes considerable 
sid.epable expansion of 
in cells lying in the 
tissue/. - 
into a polygonal shape of 
The change is rather slow 
time, and involves a con 
the cells. 	It begins first 
n.tddle of the notochox'dal 
tissue, and from there to the periphery The 
condition is represented in Text Pig, id, The noto-. 
chordal sheath has now become eonsic1erbly thicker 
and stronger, 
 
During the expansion of the cello mentioned 
above, one may observe the beginning of another 
phenomenon. This is the vacuolisation of the 
cells, The intracellular contents gradually disap-
pear, and vacuole formation begins, The process 
does not proceed with great rapidity at every cell, 
but eventually all of them are affected. No mitotic 
figures can be seen in the stained preparations at 
this stage. 
$iiii.ficapp of the notochordal etithelinn. 
These two processes, namely the vacuolisation 
and the further expansion of the notoohord.al cells, 
are carried on during the period of larval develop. 
ment. As these processes make headway, one can 
notice quite striking structural differences within 
the tie ue of the notochord. The cells of the 
extreme outer surface lying next to the notochordal 
sheath tend not to lose their eell contents and 
remain unvacuolated, whereas all the inner cells 
become almost completely taken up by vacuoles, and 
become very enlarged and polygonal. The outhr layer 
--a 
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of cells of the ohorda is spoken of as the notoohordal 
epitheliuni at this stage. This stage has been 
depicted in Text Pig. ].e, It should be pointed out 
that this outer layer is not necessarily always 
absolutely continuous, since often large vaouolated 
cells intervene between two successive cello of the 
outer layer, During the later half of larval life 
the notochord.al tissue becomes uniform throughout. 
The cells become completely vaouolated.; there is no 
longer any distinction between the outer layer and 
the more deeply lying cells. The cello of the outer 
layer do, however, freqjiently remain smaller than 
the more central ones, and their orientation is more 
lateral. The nucleus of the cello takes a position 
towards one side, and a tiny mass of cytoplasm 
occurs around the inner boundary of the cells, the 
maaor part of which is occupied by large vacuolee. 
The individual ohorda cells are by this time 
enormously enlarged, and are definitely polygonal in 
shape, as shown in Text Figure if. A single chorda 
cell at this stage has reached so large a volume 
that it is larger than the entire circumference of a 
neur'ula ohorda when seen in trrnoverse sections. 
This marks the end of the morphogenesis of the 
ohorda in normal development, 
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B, CLUA. IW1OPHOW(NAMICS OF T1[ iTOTOCHOWAL CELLS 
tYi) t E E2IMiNTAL CONDITION S. 
Following the above study of the normal morpho-. 
genesis of the notochord coils, attempts were made 
to obtain further information about the dynamic 
potentialities of the cells by placing them under 
various experiznentl conditions, 
Section I. The properties of chorda cells with 
rozoct to rod foxnatiLn, longthv;ise elongation, 
ycuoiiation. cell enlargement, etc. ii icolatiQ 
A few tests have been made with notochord cells 
by means of the simple technique of isolation in an 
investigation of the basis of rod formation, length-
wise elongation, vacuolisation and cell enlargement. 
When the marginal zone of the gastrulating embryo 
is isolated in ThJ.i strength Holtfreter solution, a 
few facts of interest can be noted. 	After 24 houro 
of isolation, a branched chord.a fragment elongates 
from the main mass and may asowne a fair length, a 
f'ct first observed by Holtfroter (1938,44). 
Further elongation, however, does not occur on the 
following days. 	Plate II, figures 10 and ii, show 
such a branched elongation of the chords, 
When the archenteron roof cells of a late gastrula 
or a very early neurula are cultured in isolation, 
such a branched projection of the chorda is not 
observed/- 
s-its.- 
observed. Instead a few loose ohorda cells may be 
thrown out (Plate II, figure 4), either singly or 
rarely in a very small chain, 
4 When the entire ohorda from a neu.rula or from a 
tail bud, or even from a larva is isolated in 
Holtfreter solution, it never elongates lengthwise. 
It retains the seine size as it had when it was 
isolated.. This contrasts sharply with the enormous 
elongation of the notochord in control normal embryos. 
In the above mentioned exeriments the chorda cells 
differentiate histologically in the norma]. Way, J, e. 
they become vaouted and polygonal. 	It is only 
the elongation of the formed notochord which never 
occurs in isolation. 	In general, the chorda cells, 
if isolated before the sheath has been laid down, 
becot:ie chaotically arranged. 	If the notochord 
at the time of isolation is already provided with a 
sheath, the arrangement of the cells is no longer 
irregular, but they remain almost round in shape, 
Section IL Effect of the hd.roen ion ponpentrptio 
on the dissociation and agpreri'tjpn of notochordal 
cells from different stes of development. 
In this ;eotion are reported the recults 
observed with chorda cells from various developmentrl 
stages when they are subjected to the culture fluids 
of different pH. The association and d.isaggregation 
of the cells will ultimately be correlated with 
increasing/ 
increasing age of the embryo. 	The results 
obtained are presented under the heads of the 
different pH solutions concerned. 
Chorda cells in solution 'a' - pH 11.2. 
This is the most alkaline solution used. 
A number of isolates have been made from the early 
neurula, late neurula and tail bud; all behaved in 
the same manner. Owing to the extreme alkalinity, 
in all of these the chord.a cells almost inctantane-
ously burst and disintegrate. No further study 
can therefore be carried out, 
Chord.a cells in solution 'i' - pH 9.3 
When fragments of the notochord are placed in 
this culture medium, the cells dissociate almost 
immediately. 	The process of disintegration has been 
I  hotographed. and is shown in Plate II, figure 8. The 
chord.a cells in this solution exhibit the tendency to 
fall apart within 5 minutes of being placed in it. 
Within 10.-12 minutes the integrity of the whole group 
of cells is lost, and the coils have almost completily 
fallen apart, 	rly tail bud oborda cells take a 
similar tine for dissociation. 	Although in a few 
cases the group of cells may remain coherent for a 
few minutes longer, chord.a cello from the late tail 
bud stage tire rather more stable and often require up 
to 20 minutes for a final eeparation. 	In solutions 
of this alkalinity the cIiocooited cells throw out 
hyaline protuberances and show a wide range of move- 
-17- 
mont (for '1'tiic 	bloir). 	It i ubv1ou, 
ho;'ve:, th'it )rolon.ged e;coure to th ;olution is 
detrimental to the cells. 	The eel]. 'wall may become ' 
permeable, and the eell contents may ultimately 
escape through it. On the other hand, the eel], wall 
may colinpee, so that the whole mass of the eel]. dis- 
integrates, 	A photograph (Plate II, figure 6) has 
been taken to show the condition of a cell just at 
the time of disintegration. 	Continuous culture of 
ohord.a cells in such a vLedlm is therefore impossible. 
(3) Chorde cello in solution 'c' - pH 8,2. 
In this solution the notochord.al cells from 
different developmental stages and also from 
different species reauire various times to reach 
complete disaggregation. The results are therefore 
nresented under separate heads: 
(a) From the late gastrulae, 
Axolotl; The time taken by the arohenteron 
roof cells (presumptive chord.a cells) to 
separate from each other is variable. It is 
generally the first sign of a d.isaggregat ion, 
and can be noticed after about 30 hours in 
culture. After about 48 hours the cells 
become stretched, and even after 65 hours some 
of the cells may still be attached to one 
another. The cells which have become separated. 
show/-. 
show its motility and its kinetic properties. 
Triton namitu: The Ralmatua chorda cells 
tend to dissociate more rapidly. Within 4-6 
hours the cells may have fallen apart into 
small groups; after approximately 20 hours 
they may have sarated completely. The 
isolited cells exhibit vigorous movement. 
From the neurulae, 
Axolotl: Generally the first sigh of falling 
apart is shown after 25-40 hours in culture, 
Earlier than that the cells, though still 
attached to one another, may be rounded up 
into spheres. If one continues to observe the 
cells at still later periods, they become 
completely separate from one another, and the 
isolated fragment is reduced to a small heap 
of loose cells, some of which may be exhibiting 
movement. 
Triton pa1zat3lB: The palmatufi cells seem again 
to be more sensitive. Within half an hour 
after being placed in the culture fluid a 
stretching of the cells is observed. The com-
plete dissociation may take 2-3 hLurs, The 
isolated cells round up and exhibit moveiaent, 
From the tail bud, 
Aolotl: The early tail bud notochord cells are 
more resistant than the notochord cells from 
the neurula, The appearance of the cells 
-19- 
remains normal, though some tendency for 
stretching may be seen after 2 days. At no 
time, however, do the cells fall apart, 
however long they are kept in culture, 
Triton Da1mntu: The early tail bud chord.a cells 
'-how a tendency for dimociation within one 
hour of being placed in the oultu.re. The ten- 
dency steadily increases and becomes more 
conspicuous, the notochordal rod becoming 
flattened and stretched. The complete separa-
tion of the cells may, however, take 30 hours 
or more. 	chord.a cells from the later tail 
bud stages may show some sigh of disaggregation 
in th early stages of the culture, but they 
generally do not fall apart, however long the 
culture is continued. 
If chorda cells from gastrulae or neurulae of 
either species are cultured for 3'-4 days in normal 
Holtfroter solution at pH 7, they do not fall apart 
when brought into solutions at pH 8.2 The tendency 
for disaggregation can therefore be resisted by them 
after they have passed a few days in normal saline. 
In these explants the outer membrane remains attached 
to the placmagel, and the mobilistion of the cell 
membrane cannot be effected, 
(4) Chord.a cello in solution 'd' - nH 7.6. 
(a) From the late g.stru1ae. 
Axolotl: The chorda cells remain together during 
-20- 
the first 20 hour-, fin this medin, After 32 
hours a slight tendency for dissociation can 
first be seen. After 48 hrnra all the cells 
may be completely flattened and loosely attached. 
They may be completely fallen apart After 55 
hours, but even after 4-5 days sane may still 
lie in small groups. 
Triton pa].matus: The palms.tus chorcia cells at 
this stage, when cultivted in pH 7. 3, show a 
stretching tendency after 15 hours, and after 
40 hours of culture they are completely 
dissociated, 
From the nourulae, 
Axolotl: Cells remain normally attached until 20 
hours of culture, but after 30 hours the ten-
denoy for dissociation is apparent. It increo.-
Cs gradually, and most of the cello may be 
fslien apart or lie in a loose heap after 65 
hours, 
Triton 	 The tendency for dissociation 
can be seen within 40-60 minutes, After 3 
hours the notochord cells may have fragmented 
into small groups of cells, and these are com-
pletely separate from one another after 20-22 
hours The isolated cells exhibit motility, 
From the tail bud, 
Axolotl: The chord.a cells from the axolotl tail 
bud do not completely dissociate in this 
solution/- 
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solution, One may see through the sheath a 
slight tendency for the cells to bulge, but 
this does not lead to a complete disox'ganisa.- 
tion, From the late tail bud stages the 
solution seems to be quite ineffective in pro-
ducing any tendency for diaaggregat ion, 
Triton pa].matu: The ohorda cells from early 
tatl bud stages show a tendency for bulging 
after an hour of culture. This tendency 
increases until after 5.-6 hours the sheath 
becomes broken After 20-22 hours a swelling 
of the ohorda cells is very visible, and a 
complete di.saggreg-'tion may follow at about 
35 hours, From late tail bud stages the 
notochord cannot be completely disaggregated 
in this solution, although a tendency for 
swelling may be seen, 
Chorda coils in solution 'e' - pH 7w 1. 
This is usually considered the normal culture 
medium. The notochord cells from all stages behave 
similarly so far as their association is concerned. 
The grounn of chord-. cells or the entire notochord 
maintain their into rrity and develop normally. 
They show no tendency for dissociation, 
ohoz'& cells in solution 'f' - pH 6.4 
This is the mildest acidic solution employed. 
The notochord cells differentiate perfectly in it, 
with/_ 
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with no sign of either disaggregation or other abnor-
malities. The slight acidity can therefore be tolera-
ted by the ohord.a cells, The solution is very 
effective in bringing about association of coils which 
have been separated by other means, 
Chorda cells in solution 	pH 150 5 
This is the next most acid solution. When 
chorda cells are immersed in it, they can differenti-
ate into a polygonal shape and they remain well 
attached. 
If ohord.a cells from "i neuru.li re submerged in 
pH 8.2 v they become clisaggregated as described above. 
If such dissociated cello rre transferred to this 
solution 'g', the tendency 1O disaggregation is 
immediately stopped, and very soon the hyaline bulge, 
which has appeared in the separated cells, disappears 
again, This cellular immobilisation is associated 
with the disappearance of the formed endoplasmic 
fluid and with the cementing of the cell membrane to 
the underlying planagel. This leads to a re-
establishment of the cellular contact, and a re-
association of the cells, 
Chorda cells in solution 'h' - pH 4;.6 
Some isolated notoohordal cells have differenti-
ated into a polygonal shape in this solution. Rather 
large numbers of them, however, (about 70 per cent.) 
fail to do so. It seems that the cell protoplasm 
I 
-.23-. 
has been solidified and the differentiation stopped. 
(9) Chords cells in solution 'b' - pH 3.2. 
This is the most acidic solution to be used in 
our experiments. It has proved to be too acidic for 
differentiation of chords cells. The cells may 
appear healthy in outward appearance and have strong 
cohesion with one another. It appears, however, 
that their content has solidified and no further 
differentiation occurs. Plate II, figure 7, shows 
an example of a cell culture in this medium 
Section III. 	The Effect of Calcium IonL', togeth 
with Alkalinity, on the Cohesive ProDerties of th 
Chorda Cells. 
We have seen from the previous experiments that 
the high alkalinity has the effect of dissociating 
the chords cells. In this section an attempt will 
be made to study the effect of calcium ions together 
with a high alkaline medium on the cohesive proper-
ties of the cells. We have selected a solution 'c', 
pH 82, as the medium, to which different concentra-
tions of calcium ions will be added. 
(1) Chords cells in solution t j l at pH 8,2, double 
content of calcium ions. 
The disaggregating properties of the OH ' ions 
seem to be as effective as in the solution of the 
normal amount of calcium, The cells fall apart in 
the times given previously. 
Chorda cells in solution 'k' - 1 82, four 
times normal calcium. 
The chord.a cells cannot maintain their integrity 
indefinitely in this solution, and ultimately fall 
apart. The fizial time for a complete i gcçx'eg-tiort 
is almost the same as that in norm1 Golution l e t .  
Chorda cells in solution '1' - pH 8,2, eight 
times norial calcium, 
In this solution the chords, cells take almost 
the same time for dissociation. The isolated cells 
generally do not form a byaline bulge, but there are 
a few which show a vigorous movement. 
Chorda cells in solution 0 -pH 5,5, no calcium 
ions. 
In this calcium free acid solution the cells 
were isolated in order to see if they became dis-
sociated. However, they remain firmly attached to 
one another and no tendency for dissociation can be 
seen. They differentiate perfectly into a polygonal 
shape. The absence of calcium ions appears to have 
no effect in this acid medium, 
SNICU oil IV. Lowering of the Surf' ce 	Tension-and 
Cohesive Properties of the Chorda Cells. 
Observt ions have been made to see if any 
effect could be noticed by a lowering of the surface 
tension/u- 
tension f the culture solution on the cohesion of 
the notochord cells. 	Again solution 'o' was 
selected for modification, 
(i) Chorda cells in solution 'rn' - pH S.,% lowered 
surface tension, 
The lowering of the surface tension has no 
effect on the falling apart of the cells, 
(2) Chorda cells in solution 'n' - pH 8,2, further 
lowering of the surf-'ce tension. 
The surface tension was in this case loiered 
rrom 66, 8 to 56. 5 dymes per square centimeter. The 
rte and nature of dissociation remained unaltered. 
It appears therefore that the surface tension has 
little effect on the cohesive properties of the 
notoohord cells in these alkaline media. 
TABLE 1/.- 
Table I. 
Properttes of isolated Chorda Cells 
Solution 	pU Surface tension Late gastrulas Early neural Plate Neural tube 	Tail bud 
'a' 	11 • 2 82,3 dOws Cells 	Iae&tately burst and disintegrate, 
3.2 73.7 dmaa Cell contents solidify, too acidic for differentiation; cells 
appear to attach tu eaàh other. 
see 	8.2 70.3 dyne. Am A. Start at 30 hr.; ALo, Start after 	-40 AM. Not fallen apart- 
completely separate bra.; completely sop.- a disintegrating 
after 2 days. arate after 3 days farce may be seen. 
may be arranged in a. 
. Start within 4'-6 loose heap. Starts within an 
hr..; completely sep.- hour; complete aepar- 
arate after 20 bra, Pa].. Start within 30 atian after 30 bra. 
in.; completely aep- Late tail bud can 





79.1 dyne. 	. Start after 32 hr.. 
after 2 cLcompletely 
flattened,after 3 days 
separate. 
ZEI-Stretched after 15 
hr.. completely separ-
ate after 40 bra. 
75.6 dyne. 	Normal cellular aggregal 
Axo.Disaooiatig force AF2. no separation. 
after 30 hr..; after 
65 brs.oells di.- 
organise. 
Pal.Di.sooiating force AL.Af ter 20-22 hr.. 
within 40-60 mina -
2 
	separate, Late tail 
completely separate bud ohorda do not 
after 20-22 bra, 	ta]] apart, 
;ion and differentiation,  
TANS 11 
Solution 1A Surface tension Late gastrulas Early neural plate leural tube Tail Bud 
Off 6.4 85.7 dass Good cellular aggregation and mormal differentiation 
5,5 75.4 d.ymes Still better osllular aggregation and 70J normal differentiation 
ohs 46 66.9 dyzs 0.11 attachment very good; 	30J normally differentiated, 
70.9 aolidifid. 
it 9.3 70.3 dyme. Cellular dissociation within a short period. isolated cells 
exhibit movements; 	too long a culture lictuifiea cells. 
tjt 8.2 79.0 dimes Dissociating properties unaltered - like solution 'a' 
In -rr = i - r-- 	 ±1 •_ S- t_ r 	L&J_t 	 j 	 rtflnn ..1 	r-- 	n I ]JJ 	1_rr-r 	I 	 _LU 	 _tJ 
Ike 8.21 6.4 daes 
-r 	 JJLILI 	 1 	 m1Lt .rnw.rr 
Dissociating properties unaltered - like solution 'o' 
If Ca ions 
'1' 68.6 4ymea Slightly longer period for a complete dissociation- 
8 Ca ions 









gas 5.6, 78,8 dya.a Perfectly sasociated cells and morsel differentiation. 
Ca ions 
free 
SECTIoN V. Study of the isolateci chord'. cils 
With the phaseoontrat icrotcope, 
In this section a detailed study has been made 
Of the motility and behaviour of the individual 
notoohordal cells which are vitally stained and 
observed under the phase contrast microscope. 
As has been already pointed out, the notochordal 
cell masses break down into single cells in alkaline 
solutions: the kinetics of the individual cells 
have been observed. Generally, for thiL; study, the 
neuru].a chorda coils are subjected to 1)11 9, 6; after 
they have fallen apart these cells are re—transferred 
to pH 7.6 medium, In this medium the chorda cells 
are viable and show extensive motility. Continuous 
observations have been recorded watching these cello 
in a sterile cavity slide covered by a cover slip. 
We present the different kinds of motile behaviour 
of the chorda observed, 
(1) Circus movements. 
This is the canmonest of all movements. Almost 
every chorda cell exhibits such a movement at some 
time. This movement esaentiall; consists of 
1otation of the entire cell mass in a circular 
fashion (Text Fig, 3.d). Such movement may be either 
clockwise cr anticlockwise; 	When,"-. 
-29- 
When the cell is rotating the cell contents show 
churning movements. The circus mover dent may or may 
not involve the endoplasm with it. 
(2) Lobopodjal movements, 
This type of movement is demonstrating very 
interesting features of the isolated chorda cells. 
Holtfretop's formulation of the component parts of 
an amphibian embryonic cell receives support from 
the notoohord cells. We may enumerate the different 
parts of the cell for the sake of better understand-
ing; in the words of Holtfreter (194) an amphibian 
embryonic cell consists of — (i) a central core of 
Cell membrane 
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To---t .ti"ig.2 sho,ring&.iolatea notochord cell with its 
different trts. 
semi/.. 
semi-liquid en&oplacm (plasmasol) containing the 
nucleus and prot Ic ally all of the pa rapi asmic cell 
inclusions, namely large oblong yolk platelets, small 
lipoprotein granules, or lipochondria, still smaller 
melanin granules, and a cytoplasmic ground substance 
which is only partially miscible with water and is 
capable of forming elastic filaments and vacuoles. 
(2) capsular wall of diversified endoplasm. (plasmagel) 
which encloses the plasmasol. (3) An outer shell of 
highly fluid ectoplasm, usually not containing 
particles which are miscible with water, but 
granulated when exposed to coagulating agents. 
(4) A thin highly refractive surface membrane 
(pina1enina) forming a succession of irregular 
bulges which may encompass any part of the surface 
(Pp. 30ó..31), 
All the details which have been mentioned may be 
found in Text Fig, 2 which is ai,solated view of a note-
c'orda.1. cell. 
Lobopodi.al locomotion involves the activity of 
the surface layer. An appreciable space can be 
observed between the cell layer and the plasma gel, 
The cell glides in the direction in which the pseudo-. 
podiwn a -is been thrown out previously. 
It is a thrilling experience to watch this move-
ment of a vitally stained notochord cell under the 
phase contrct microscope, The endoplan is a 
Spherical/- 
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spherical body having no contact with the cell sur-
face (see P1.11, Fig. 5). Th.en the plaama.leiana is 
actively engaged in throwing out lobopodial out.. 
pushin? s the inner core of the oils remains inactive. 
A number of 1obopodiü - .ea may be thrown at a 
time. It appears that this process of ].obopodial 
formation is perhaps expansion and contraction of 
the cell wall. 
It is observed frequently that a byaline bulge 
gradually attains a certain size, the endoplasmic 
wall liquifies at a point and the endoplasmic con-
tents pour into the bulge. The hole increases and 
ultimately the entire contents escape. Then this 
process goes on, the cells round up (Text Fig. 3, e, f.,) 
Into a spherical body. By this time another 
hyaline cap may appear and the process is repeated. 
This aol-gel formation in alternate sequence is the 
keynote of the lobopodial movements. If the ].obo-
podial movement is allowed to take place in the high.,  
alkaline medium it increases the permeability of the 
cell wall. Nevertheless the eell wall may continue 
movement (Text Pig. 3 h) without its contents. 
(3) Idoveirvnt of the c1l o2atents minuz the Ce].]. wail. 
Instances have been recorded where the cell-
contents exhibit motility without the participation 
of the eel]. wall. The cell wall bursts but the 
globular cell-contents with the nucleus are capable of 
-32- 
showing circular rotation or gliding movements for a 
short while; ultimately it may lead to the complete 
disintegration of the whole mass, 
(4) Movements of the yolk Ltelots. 
The behaviour of the yolk platelets in the cell 
movements is very fascinating, When the notochordal 
cells show the circus or the lobopodial movements, the 
yolk platelets undergo churning and iisplaoesnent 
movements, 
The movements of the single yolk platelets are 
again of utmost interest. They show movements for 
days, Even after 15 days of isolation one can be 
impressed by their motility. 	The celifree yolk 
platelets (P1,11 ., Pig. 9) occur in masses, but they 
do not show a unified type of movnent. They move 
(Text Pig. 3, g) with different speed and with varied 
rapidity, often shooting across the iiioroscopic 
field. They may move either in otrnight lines or in 
a curved path or in zig-zag fashion. Duplication or 
division or these particles has also been noted. They 
divide at the middle of the axis. The structure of 
the platelets agrees with those of Ho].tfreter'e 
description (1946b). 
Text Pig, 3/- 
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VARIOUS MORPHO.DYNAMICS POSSIBLE UNDER NORMAL AND EXPERIMENTAL 










Text Fig, Z. A EcheLlatic iiagrani of variouc morpho-
d,ynamics oossible under normal and experimental con-
ditions of a notochord cell, 
a — flask-shaped biastoporal cell, 
b round archenteron roof cell, 
o — morho-dynamics of a cell under norual notogoocis, 
d. — clockwise and anticlockwise movement of a oeli, 
e — lobopodial movement minus the endoplasm of a cell, 
f — ].obopodial movements involving sol-gel formation 
of endoplasm of a cell, 
g — motility of a collfree yolk platelet, 
h — movement of a cell wall withoutits contents, 
(5) Differentiation of the einle choz'da cell. 
After isolating the notoohordal cells by alkaline 
shock they are transferred to Holtfreter' a solutionof 
normal pH. 	Ininediately the cells round off 
D, /_ 
MEMO 
(P1. II, Fig. 2) and the hyaline cap disappears. They 
are kept on an agar surface to study their normal 
differentiation. These individual cells settle 
down on the agar surface and proceed towards their 
prospective developmental fate. They become 
differentiated into a polygonal shape; the angles 
of the cell wall are very distinct (P1. II, Fig. 3). 
It should be mentioned here that the notoohordal 
cells of Axo].otl are more exDreoEive in their histo-
logical differentiation than those of Triton, 
These singly differentiated cells do not achieve 
the considerable volume which they do normally 
within the embryo. 
The neurula and tail bud ohorda cells are much 
more stable than those of the gastrula and more 




The most striking feature of the histodifferen-
tiation of the notoohord we studied is the process of 
gradual cellular change which is in accord with 
present theories of mox'phogenesis, A diversity 
and complexity of cell-movements, shape-changes, 
cell-division and growth of cells are the integral 
events in the course of its development. Thus 
histologically recognisable notochordal tissue is 
the end result of a long chain of different 
morphogenetie activities as rho -in in the foregoing 
account. On a close inspection one is impressed 
with the property of cells of this developing tissue of 
coming together, interacting with one another and 
arranging themselves in certain specific vnya 
conditioning n distinct pattern, This well knit 
chain of events also shows how the original flask-
shaped blastoporal cell transforms itself into the 
spherical archenteron roof cell. This round eell is 
then organised and assumes a rectangular shape; 
the rectangular cell in its turn invariably becoming 
polygonal (Text Fig. 3a, b, c.). However, these cells 
may be experimentally caused to lose their typical 
association and orderly arrangement, i)estruction of 
the intercellular matrix for instance can set the 
cells free, 
The evidence from the study of notochord.al 
different lat ion/i- 
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differentiation shows that the notochord is a 
perfect example of growth (after the tail bud stage) 
being due entirely to expansion of the individual 
cells and not to eel]. division. 	The number of 
cells in the chorda tissue remains constant after 
what is termed the "reorganisation phase". The 
real antero.'-posterior growth of the embryo takes 
place during the post tail bud, stage. The notochord 
tissue, already a rod, keeps pace with the increasing 
growth of the embryo, this dimensional and linear 
Increase being unaccompanied by cell multiplication. 
The reorganisation phase is a critical event in 
I notogenesis, It is a sort of morphogonetic shuffling 
of the cells, producing the linear arrangement, aftr 
which the expansion of cell-volume trkes place. As 
has already teen shown this changes the organisation 
of the cell-complex; cell boundaries are re-drawn, 
the maximum number of cells is increased and, 
perhaps of the highest importance, the cells acquire 
a new polarity. 	In order to emphasise the impor- 
tance of this stage, we have called it the 
"reorganisation phase", a term which underlines the 
immense morphogenetic importance linked with it. 
After the "reorganisation phase" the notochord cell-- 
are arranged like a pile of coins, and this transvere 
polarity is associated with the oranio-oaudal 
expansion. This major epigenetic process represents 
the "Geidrollenstadium" of Boeke (1908). 
-37- 
We have submitted that ntero-T)osterior 
expansion is a part of a great morphogenetic phenos-
menon associated with all-round expansion of the 
notoehord. This is always associated with the 
enlargement of the individual cells. The chox'da 
cells increase steadily in volume and ultimately a 
cell of an advanced larva may be bigger than the 
entire chord.a of the neurula. During enlargement 
the cell contents are used up and v"cuole fonmation 
takes place. 	A completely vaouolated chord.a 
becomes almost translucent. The force responsible 
for dimensional increment is yet to be searched for. 
It must be recollected that this is a tissue system 
which is absolutely devoid of any blood supply - 
a feature of groat importance. 
It has been noticed when the notochord is 
removed from neurula or at later stages that it 
never elongates in isolation, nor do the component 
cells increase in size. 	:Ic hve also gathered 
from Holtfreter's (1936 0 1947) as well as from our 
o findings that dendx'itic roJectiona grow out 
from the blastoporal explants This elongation, 
however, is a part of the gastrulating movement of 
the chorda cells and should not be confused with the 
post-gastrulating growth of the notoehoz'dal coils, 
We have yet to account for the causative factor of 
the notoohordal cell-enlargement. 
More/- 
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More interesting is the normal differentiation 
of the single cell of the notochord. The very fact 
that a chord.a cell, removed from the embryonic 
system is capable of following the noznl path of 
differentiation, suggests tI* stiffening substances 
which make the coil-wall polygonal  are resident 
within the individual cells at the time of isolation. 
This is an example of selfwi.ae differentiation 
expressed by an isolated cell. The ohor'da cells of 
the Axolotl seem to be much more determined in this 
respect than those of the Triton. Hoitfretor (193) 
and Harris (1942) have shown this selfwise trend of 
the chordri tissue. 
It is generally agreed that during morphogeneois 
of the embryo, among many other f'otors, interfacial, 
contact between different cells is one of the prime 
factors. 	From Holtfreter' s researches (1947a, b.,) 
we have come to know that the cellular contot can 
be broken or maintained experimentally in the culture 
medium. Holtfreter (1941.o.) is successful in show-
ing that the higher the water content of the cell 
ffted by the lytic ngents,tbe greater the amoeboid 
the the 
tility 'nJLeo;Ladhesion in the cell surface s The 
results obtained by Holtfretex' and during this 
investigation illustrate the significance of this 
increased interfacial cell-to-cell contact; with acre 
the cells ultimately re-'ching a stable aggregation, 
-39-- 
As we have shown, the gastrula or neurula ohord.a cell:, 
after isolation, when cultured in normal saline for a 
few days and transferred to a moderately alkaline 
medium (pH - 8.2 or 7.6), never dissociate. Thus 
the dissociating action of alkali can be withstood 
by the cells by increasing the intcrf-; cial contact 
with age. A similar conclusion was reached before by 
Waddington (194) by studying the surf'ce tensions 
of the developing cells. 
Holtfreter, in this respect, has shown that Cli 
ions have a dissociating effect on the cells, as Ca 
ions have an isuociating effect. After confirming 
these findings we have been further able to advance 
the mutual antagonistic role of these ions. we have 
presented evidence that the associating properties of 
Ca lone becouic ineffective (even if we keep the 
solutions 'X' nd '1' out of our consideration due to 
their )recipitation) in a high alkaline solution. 
Nevertheless a clear indication has been obtained. 
Even higher concentration of these ions can not counter-. 
act absolutely the disintegrative properties of OH,, 
And then again Ca ions are not necessary for cellula. 
adhesion in acidic solution. We have cultured the 
•hord.a cells successfully in Ca free Holtfreter so.u-
tion (pH 5.5), The associating and dissociating 
values of Ga and 01! Ions therefore seem to be 
interesting, and fther experiment s are necessary. 
The/- 
It has always been attractive to postulate 
that changes in surfoe tension play some part in 
controlling cellular integrity. But our experiment] 
give little evidence that this is so. Lowering of 
the surface tension does not alter the dissociating 
effect of OH ions on the chorda oella, Recently 
Stableforcj. (1949) criticises Holtfreter's views 
(1944) regarding the surfqce tension gradient 
b(-.ten the blaat000elo and the capsular fluid as a 
prime factor in morphogenesis. Utableford has ob-
tained normal embryonic development by precluding all 
M. 
	 effects of such a tension gradient, but he confirms 
the acid-alkali action as a major factor in the 
development. 
According to Holtfreter (1947b) "the appearance 
or a blister my be regarded as due to a molecular 
disorientation and dispersal of the lipid ocastitu-
ent of the cell membrane - which increase the per-
meability of this layer to the ambient water". He is 
of the opinion that the cellular permeability and 
amoeboid motility are correlated phenomena, depending 
pred.ominently on the structural arrangement of 
Dhosphatide molecules present in the membrane. 
It is also known that the lytic effect produces 
a hyaline bulge in the cells of many animals, 
A mobilisation of the rui'Thoe layer has been reported 
by Scott (1941) in Arbacia, by Dan (li4?) in sea-
urchin egg-cells, and by Berg (1950) on the eggs of 
Mytilue, 1- 
41- 
Mytilus. This phenomenon has al-"o been reported i.n 
earccza cells in a recent communication by LuIford and 
Smiles (1950) It is to be expected that Axolotl 
notochord cells would be more sensitive to alkaline 
solutions than the cells of 'triton, if HoltVreter' S 
analyses (1945, 1948) are valid, Rejecting Barth's 
interpretation (1941) of the occurrence of neuralisa-
tion in Axnblystoma ectoderm explants, he argues that 
the ectoderm of this species is unusually susceptible I 
to alkalinity. So the notochord cells of Amblystoma 
vhioh were used in our experiments would be expected 
to show this susceptibility also. However, comparing 
the times taken by the cells to dissociate (see 
ab1es), it appears that, on the contrary, the noto'.. 
chord cells of M2blyetozzla are much more resistant to 
alkalinity than those of Triton. It is well—known 
that endo-mesoderm cells are usually lesh h1.y than 
the ectoderrn (Waddington 1942). So we repeat that 
Lf the time factor of cellular disintegration is 
taken as a measure of sensitivity to alkali, there 
is no evidence that the ohorda cells of Arnblystozna 
are more sensitive than the cells of Triton, 
The two sets of phenomena, namely the nori.ial 
morpho—dynaiuics of the chorda cells and their 
experimentally—induced behaviour, are quite distinct 
It would be incautious to suppose that the induced 
uiorpho—&ynamios are a faithful replica of normal 
erformanoes/ 
perforn.ea within the embryo* They ehow how 
many types Of d3rnamio properties a chorda cell 
is capable of exhibiting. These various types 
Of movements have been represented in Fig. 8, 
Further aw8i0chemical studies are required 
in order to reveal the causative factors of the 
unique shape changes, cell-movements and growth 
of the notochord. 
$tJULARY/- 
SUMMARY 
A morphogenetio analysis of notogenesia has been 
carried out under normal and under ox eriiiiental 
conditions, 
It has been found that under normal conditions th 
notochord tissue is formed by a successive sequence 
of events of cell-drnnmios. The flask shaped 
blastoporal cells transform into round archenteron 
roof cells. The archenteron roof cells, in their 
turn, acquire a flat rectangular shape during the 
reorganis.tion phase. Ultimately the rectangular 
cells become polygonal, vacuited and very enlarged - 
a characteristic feature of the notoohordal tissue. 
Developmental importance has been placed on the ro-
organication phase in the notogenesic - such a re-
organisation is incidental to the enorinouu post 
embryonic growth. 
r4 The notochord is n classical example of rowth 
oecuriing by the expansion of the cells. This 
occurs post-larvafly although it is devoid of any 
blood-supply. 
. The notochordal epitheliuni hrs been interpreted as 
the outer layer of disoontinuouc cells, having a 
property of late vacuolization. 
6, In isolation the neurula or the tail bud chord.a 
fails to enlarge both in length and in volume; 
attention has been directed to the need for investi- 
gation of the real basiu of expansion by taking into 
account the notochord and the embryonic system 
jointly. 
The notoohord cells in isolation differentiate 
in seif\7ise manner. 
A single isolated notochord cell can faithfully 
realise its normal t'te - it can become polygonal 
and vaouolated, 
9 The capabilities of association and .li3rociation 
of the chorda cells have been tested. In alkaline 
media beyond pH 7.6 the chorda cells dissociate. 
In acid media the cello tend to attioh well and 
differentiate. Too alkaline (above DI! 8.6) and too 
acidic (below p11 4. 6) a medium is .Letriniental to 
the chozda cells, 
Double the normal amount of Ca ions in high 
alkaline conditions (pH 8.2) cannot prevent the 
dissociation of the chorda cells. Similarly in 
free acid solution the cells adhere well and 
differentiate. 
The surface tension seems to have no effect on 
the dissociation of the notochordal cells; lowering 
the tension of an alkaline iedium does not check 
the dissocition, 
The mutual sensitiveness of the chord" cells of 
Triton and Axolotl to alkalinity has been di8ous8Ød 
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xp1anation of Figure 
Fig. 1, A magnified frontal view showing the 
after effects of the "reorganisation 
phase". Note the characteristics 	- 
orientation of the cells and nucleus, 
in cloze riaccesEiion like 	"oile of 
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Fig. 2. 
	Explanrition of Figures, 
Isolated Single ohorda cell in living 
condition from a neuruin. 
Pig, 3. A perfectly differentitted living chorda 
cell after 12 days, Note the polygonal 
and the vacuolized nature of the oel1soo 
Pig, 4, A mass of chorda.-niesoderm after 24 hours 
the tiny knob shows the projected ohorda 
oells,o 
Pig, 5, Isolated living chorda cells after alkali 
shook. Note the hyaline bulge and pre-
condition of a lobopodial movement. coo 
Fig, 6, The cell wall of an isolated ohorda cell 
just burst, the intra cellular mass still 
aggregate in a collective forn,x 500 
Fig, 7. A notochord'- 1 tissue colidified and 
remained undifferentiated due to strong 
acidulation.?, so 
Pig, 8, A. disintegrating mas of chorda cell in 
alkaline medium. xoo 
Pig, 9, The cell-free yolk plate1ts eItei 10 
still show movements, oo 
Fig, 10, Dentritie projection of n chorda from the 
blaatopora]. explant. ,Aso  
Fig, 11. The chorda separates out from the ectoderm  
and the mesoderm — the rod-like middle 
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8pnn and Mango].d's (1924) iioovery of the 
role of the organiser in em.)hibian development was a 
turning point in the history of embryology. Since 
then, intensive researches on the phenomenon of 
organisation and the causative mechanism of neural 
induction have been carried out in different 
laboratories. The organiser phenomenon has long 
been the main centre of interest in embryological 
thought, thanks to the continued attacks which have 
enabled us to extend our conception of the inter-
action of the organiser and the competent ectoderm, 
both on the developmental and chemical J.evels. This 
has, however, tended to draw attention away from 
problems associated with the post-organiser material. 
It is well aiovrn that the chorda-m derm is 
the differentiated ost.-trunk-Orgafli3r utoia1, 
Its role in neural induction is without doubt very 
important, but very little is known about the devel-
opmental relations and the interactions between the 
mesodermal cells themselves. In this connection 
Lehmann' is (1933, 34 0 37 , b.,) v,el]Jmown oases of 
notochord suppression by lithium treatments are 
interesting. Yamada'c (1939,40) mesodermal trans.- 
I plantations, and the mutual determinative influences, 
are/i.. 
49 
are of great interest. Bautnimn (1928 a. b.) was 
mainly Interested, in seeing the inductive properties 
of the grafted ohorda cells, lioltfreter (1938) by 
isolation and Harris (1942) by implantation have 
tested the self-differentiating tendencies of the 
chorda cells, Recently, when we had partially 
finished our experiments, Kitohin (1949) has 
presented results on the posta-o:ez'ative effects of 
the notochord removals at the neural pte stage. 
Holtfreter (194') in a recent review commenting on 
the individuation and induction adds that "we know 
very little of the factors engaged in the process of 
self-regu]ation or Individuation of the chorda- 
meaodermN (p ) 
This investigation, therefore, is undertaken to 
test the regulative properties and their limitations 
in the arohentez'on roof cells during crucial stages 
of differentiation, nemely during gastrulation and 
neu2'uiati.ofl. The regulation of the chorda.meaoderm 
has been investigated by notochordal ablation during 
these periods, correlated with subsequent hiatologi-. 
cal exim1irntion. Another aspect of this investigation 
IS concerned with the exploration of the mechanism 
of the antero-.posterior stretching of the whole embryo 
and the precise role of the notochord in it, It is 
hoped that such experiments will be uaetul to 
detect the post-operative effects brought about 
by the notoohoi'dal removal on the 
neural/- 
neural tube t be and the mesodermal units. It has been 
further attempted to evaluate the role of the noto.. 
chord by experimentally substituting it by hun 
hairs, This experimental enilysis has been under. 
taken to advance the developmental relation both of 
the ohorda-mesoderm itself and the embryonic system, 
MAL'ERLAI AND k&riWD 
Most of the experiments were performed on the 
embryos of Triton alpestris, but similar sets of 
experiments were extended to a limited number of 
palmatus and .A.xolotL eggs, 
The total number of experiments done is 103, of 
which 78 utilised alpestris material. The operation.-
el period varied from the middle yolk plug to the 
neural plate stage. Only five experiments were 
performed on the neural ridge stage. 
The experiments were concerned in the main in 
removing the notochorclal cells from the embryo either 
in their presumptive state or in their formative 
stages. T1e embryo was held against the paraffin 
dish and a ventral longitudinal incision was made. 
The out was further deepened through the yolk-
endoderm till the ventral part of the gut-roof was 
reached. The notochord cells were extirpated along 
the entire length, care being taken to leave no cells 
in the embryo and to inflict no unnecessary injury, 
the other organ rudiments being, so far as was 
3 




possible, untouched,. (Text Fig.l). 
The incision was closed by gentle apposition of 
the out edges and the embryo left lying on its side. 
Notochord 
S. 
)jJ 	"Chorda - mcsoder 
B!sopore 
2 
Text Pig. 1. Scheme of operational iroeedupes. 
8, ore.-onerative view of the organ-rudiments; 
b. post-operative view of the notochord at 
removal — empty apace represents the area from 
v,hioh the chorda oel].n removed; 
C, post-operative view of the notochord removal 
and substitution by hair, black area represents 
the area where the hair has been grafted in 
place of the notochord cells. 
In spite of great care in some embryos the yolk 
material was exuded out. In such cases the healing 
process was slow and occasionally imperfect leading 
to infection on the following days. Glass bridges 
were not employed as they did not particularly 
facilitate healing. 
A similar operational procedure v,as employed 
for these embryos in which the chorda was substituted 




removed, a 2 to 5 nilxi, length of hnan hair was placed 
In the vacated region of the arohenteron roof. In 
the majority or the grafted embryos, the implanted 
hair was moved away from the original site of 
Implantation and occasionally thrown out of the 
embryo due to the inorphogenetic movements. 
The operation and healing were done in the full 
strength oltfreter' e solution. Later on the healed 
embryos were transferred to 1/10 Holtfreter solution, 
All culture solutions were made up to contain .05 per 
cent of sodium sulphdiazine, manufactured by May & 
Baker in 5 cc,, eapoules. The pH was regulated to 7.0 
by using a phosphate buffer. 
Normal sterile procedure was employed throughout. 
The human hairs were sterilised by boiling them in 
distilled water for about 15 minutes, These hairs 
Were transferred to sterile full strength Holtfreter 
o1ution and small bits of 2/3 an, were out. They 
were stored for ready use, The hair-fragments were 
manipulated with watchmaker's forceps. 
The embryos were out into 10 thick serial 
seetiona. They were stained with diluted haeinatoxylifl; 
the picric acid of the Bou.in fixative providing an 
excellent counteratain, 
- 
Notochord removal at the m99-o1k 21U slats 
Representative oases 
Case No, - N. IL 74/A 
Post-operative age - 3 days 
Figure reference P1. I, Pigs. 1 and 2 
Species - Axolotl. 
During the mid-yolk plug stage, the prernziptive 
notochord cells were removed by the operative 
procedure described above. 
The ezilx'yo was kept alive for three days after 
the operation, P1, I, Pig. 1 shows the gross morphology 
of the specimen concerned. The histological details 
of a transverse section have been represented in 
Fig, 2 of the same plate. The most interesting 
feature of this embryo is the reappearance of the 
notochord which is presumably reconstituted by a 
process of regulation of the embryonic tissues, The 
overlying neural tube is well fomued and closed, thus 
showing that the process of the neural induction has 
been carried through even in the absence of the 
primary ohorda cells from the arohenteron roof. 
That the notochord can be regulated after the 
extirpation of the primary ohord.a cells can also be 
seen in P1.1, Pig, 3, In this case (N. H. 75/A) the 
regulated/.. 
-.54- 
regulated notochord has been represented in the 
frontal sect ion, The perfectly rod-ljke regulated 
notochord lies in between the meeodeal blocks of 
80mitG,& The internal arrangement of the ohopda is 
interesting. 
Case No. - N. H, 45/al.  
Post.-operetjve age - 4 days, 
Fig. Reference - P1. It Pig, 6. 
species a].pestpj. 
This is a member of the same series of eepj.. 
ments; it is described here as it was cultured for 
a longer period after operation. 
The embxo has been ehoim in P1. I, Pig. 6 in the 
trontal view. The reconstitution of the notochord  
Is once again very clear. The notochords, after being 
regulated, assumes an almost round contour and 
Proceeds towards noz,aa]. histo..differentiatjn, The 
Cells of ths notoohopd are passing through the 
crucial phase of reorganisatjon. The nucleus and 
the cells are characteristically oriented in a plane 
transverse to the embryo's anteros-posterior axis 
(see Part I), 	The notochopdaj, sheath is distinctly 
formed (Fig. 'T of the same plate). The control for 
seen 




Notochord removal at the amall -Volk -DIMS staze 
Notochordeotoiny is performed on the small yolk 
plug stage of d.eveioxnent. The purpose of the 
experiments is to see the regulation of the gut-roof 
cells, 
RepresentativQ cases. 
Case No. - N, B, 38/Pi. 
Poet-operative age - 3 days. 
Pig, Reference - P1, I t Pig, 4 & 5. 
Species - palnmtus, 
The general morphology of the operated embryo i 
shown in P1, I, Fig, 4, taken three days after operatioji. 
Notochord removal during email yolk plug stage 
also results in the reconstitution of the notochord, 
which is confirmed by the transverse section (P1. I, 
Fig, 5). Tho rgula ted notochord is surrounded by a 
thin sheath vihich is just formed,. This section also 
shows that the aomi.to mass of the right side is 
definitely emaller in amount than its opposite sido. 
The neural tube is closed and moderately well formed, 
Oase No, N, H. 18/al. 
Post-operative age - 20 days. 
Pig. Reference - P1. II, Figs. 8 & 9. 
Species - Alpestris. 
This is a representative of the notochord 
regulated entrlo kept for 20 days, P1. II, Pig. 1 ahov.' 
the morphological peculiarities. This experimental 
ar4mql is considerably shorter than its control 
(Pig, 8; Pig, 9) The exerirnental rnim--i1 is nimot 
three/-. 
-56.. 
three times shorter than its control, thus showing, 
in striking manner, the failure of normal elongation, 
The sections of the experimental Rnimal. are interest-
ing in that they show regulation and compensation 
for the defects. The reconstituted notochord is 
perfectly round and its vacuolated and differentiated 
cells have become polygonal, a regular feature of the 
normal notochordal development. This notochord is 
also provided with a well differentiated collagenous 
sheath, The neural tube is perfectly normal. The 
mesenchymatous cells are under way to form the 
future vertebral elements. 
piiva bifida with reconetittogotoohorda. 
Twelve specimens showing spina bifida have been 
obtained in the course of this study. After the 
flotoohord cells have been removed the embryo is 
partially bisected together with the ectoderm in such 
a way that each posterior halt may have one lateral 
half of the dissected archenter'on gut-roof, This 
experiment was performed with a view to determining 
whether the halves of the arohenteron root can 
.I'egu.l ate and regenerate a chords, 
Case No. - N.H. 63/al. 
Post-operative age - 4 days 
Pig. reference - P1,111, Pig, 16 and 17, 
Species - A1pestri 
The spina bifid.a is well shown in P1, III, Pig. 16, 
The histological details of this embryo are 
Interesting/.. 
-57- 
interesting, They have been shown by a transverse 
section in P].. III, Fig. 17. It shows two embryonic 
axes, widely separated frcmi each other with the yolky 
eridodermal mass intez've1ng. On each aide the 
embryonic axis is constituted by the presence or 
the nerve tube, notochord and somite oe]ls. In 
neither side are the smite calls represented 
bilaterally. The left bifurcation lacks scmite 
cells on its right, and vice versa. The regulated 
notochords are perfectly round and they are compara-
tively smaller in outline. It seems that the 
regulation of the notochord is possible even without 
the presence of soanite cells on either aide, 
Case No. - N. E, 84/al. 
Poets-operative age 4 days, 
Pig, reference - P1, III, Figs. 18 and 19. 
Species Alpestria. 
This is a case or 14erfeot1y roduced spins 
bifida. It illustrates the properties of the 
notochordal regulation which is dependent on the 
presence of the somite cells, The transverse 
5eotion of this embryo (P].., In, Pig.19) needs a 
careful consideration. 
The embryo has been divided into wiequal 
portions after notoohordeotamy. In subsequent 
development, the embryonic axis of the left hand aide 
as shown in P1. III, Pig, 4, is formed by the nerve 
tube, notoobord and right half of the smite cells. 
On the corresponding lett hand side there is a anail 
a'ea of neural tissue which is not accompanied by the 
Bcmite cells and the notochord like the other axis, 
rn,,•Qflyfiy t 
SECTION 11.1 
Notochord removal at the neural plate atag, 
Similar experimental removal of the notochord 
has been done at the neural plate stage to teat for 
the occurrence or regulative Properties at this stage. 
Eernlesentat ive _Cases,  
Case No. - IL H. 12/al. 
Post-operative age - 16 days 
Fig, reference - P1. II, Pigs, 10 and 11. 
3peoies alpestria,, 
Removal of the notochord during the neural plate 
stage presents an entirely different picture. After 
a clean extirpation of the chorda l, the Post-operative 
Condition of the experimental animal is shown in a 
trrtnsverae section (P1. II, Pig. 11). 	The absence of 
the notochord in the most important feature. The 
scm.tte cells have been fused m.tdventz'ally and have 
made continuous contot with the ventral halt of the 
nerve tube. The neural tube has developed well 
without the notoohoz'd,. 	In both gross and fine struc- 
ture the nerve tube is completely normal. The single 
medial myotccne has induced the formation of a tube.-
floor which in its turn has developed a crescent 
Shape of white matter being very much thickened. The 
sOmite Cells have no regulatory capability at this 
stage, and in consequence such myotamal changes 
obtained. The embryos are considerably shortened,, 
Case No. - N. E. 13/al. 
Post-operative age - 4 days, 
Fig, Reference P1, II, Fig, 14, 
Species alpeatris, 
This case belongs to the same exper.mentaj. 
series, The notochord has not been regulated after 
Its removal. The somites of the two sides have not 
coalesced in the middle, unlike our last ease. This 
is unusual as, usually a partial or total fusion of 
the rnyotosuea in the midline is observed in enryos 
so treated, 
Ci se No. - N, H. 95/al. 
Post-operative - 15 days. 
Fig, Reference - P1, II, Fig, 15, 
Species alpestrie, 
This case also shows the results of failure of 
the flotoohøi'dal reconstitution. The scnite cells 
have been shifted towards the middle line, met and 
fused across the axis of the trunk. The thickened 
neural tube is very clear, 
nbz'yos without a notoohord cannot elongate as 
do normal ones and are consequently very short, 
Case No. - N, H, 65/a1, 
p 5 ,-.Qe RtiT5 age - 6 days 
Pi& ReThrenoa - P1, III, Pig, 21. 
Species - al9eetris, 
After the notochord has been removed from the 
early/- 
-60- 
early neural plate stage, a human hair of 2 rmn, length 
is put in its place. The transverse section shown in 
P1. III, Pi& 21 shows the poet-operative conditions. 
It shows the grafted hair occupying the position which 
normally would have been taken by the chords. The 
ecmitee of each side are prevented from fusing 
In the midline. The sheath which surrounds the 
notochord 18 not developed here. The hair is 
surrounded by the solerotomic cells. The nerve tube 
is well developed with a good neurocoel, 
Case No, N.H. 2/al, 
Post-operative age - days, 
11g. reference - P1. III, Fig. 20. 
Species - lpestris, 
The embryo has been treated as above and is 
illustrated by a frontal view (Fl. III, Fig.'16), The 
eclerotomee of the two s1dare unfused owing to the 
presence of the hair. No trace of the notoohordal 
c-theath can be seen around the implanted hair, 
Case No - N, H, 49/al. 
Post-operative age - 12 days, 
Pig. Reference - F].. III, Fig. 22, 
Species - .1poetris. 
This embryo with implanted hair is illustrated by 
a frontal view (P1. M. Pig. 22). This case differs 
from those above in that there is regulation of the 
flotoobord material. The regulated ohorda and the 
Implanted hair lie side by side, as if representing 
two axial structures. 
The/- 
-61.- 
The regulated ohoz'da lacks its sheath towards 
the inner side facing the hair. The hair is closely 
apposed to the regulated ohoi'da along the whole of its 
length, There is no sheath between the hair and 
the ecierotomes, while a distinct sheath is present 
between the chord.a and the solerotomea on the other 
side of the embryo, The sanite material is 
unnegmented on the side of the implanted hair but is 
segmented on the side in contact with the regulated 
notoohord. 
The first finding to emerge from the foregoing 
experiments is that of the lability of the 
arohentepon roof cells, and this immediately raises 
certain points for further consideration, 
It is clear from our experimental findings that 
there is a gradual decline in the regulative capacity 
of the ax'ohenteron roof cells. The degree of 
regulation which is possible at different ages has 
been graphically represented. The only stage in which 
there appears to be a capacity for total regulation of 
the chord.a is the mid yolk plug stage. Gradually the 
frequency of such regulation dirntnishes with age. 
This inability to regulate on the part of surrounding 
tissues iriHo ltes that they are becoming fixed with 








the process of embryonic determination. As 
Waddington (1947) has pointed out "the determination 
of the different tissues gradually increases chilling 
gastrulation and at the end of gastrulation is 
becoming onplete ...... Thus the capacity for 
regulation disappeae alm.ost conpietely when hiato.-
genesis is well underway. Needham (1950) is of the 
same opinion and states that "Development, then 
P'S 
MORPI4OGENET)C STAGES SPEN OPERATED 
consists of a progressive restriction of potencies by 
determination of parts to pursue fixed fates" (pp. lao). 
We have almost no knowledge of the factors 
involved in regulation. It seems reasonable to 
suggest that this process of regulation is perhaps an 
inherent tendency of the arohenteron roof cells to 
reconstitute the lost structures after severe defects. 
It,.- 
It is natural to suppose that the rebuilding of the 
chord,a has been possible through the activity of the 
surrounding tissue. In our oases of partial spina 
bifida it has been shown that a notochord cannot be 
regulated without the presence of the somites, Thus 
the absence of soalte cells and the failure of 
notoohordal regulation are inter-dependent fact a. 
It accords with the discovery of Waddington (1933) 
and Aberoranbie (1950) on the chick embryos that when 
the entire primitive streak is excised, a new one 
regenerates and develops into an embryo. Abercrombie 
has shown that the out edges of the operated blasto-
derm may heal together and regenerate a notochord 
among other embryonio structures. Thus the experi-
ments done on the chick embryo connect with our 
experiments on the newt embryo and throw light on 
the parallel state of affairs in the process of 
notoohordal regulation during developments. 
We may consider theoretically the phenomenon of 
regulation in terms of Waddington' a (1948) concept 
of equilibzthi in embryology. He stated that"each 
path must be equ.ilibri.ated in the sense that it 
produces something with resemblance to a normal 
pattern, and that intermediates tend not to occur; 
and this equilibriation may extend only to the small 
details of cell-shape involved in tissue differentia-
tion, or may affect also the large structures which 
oharacterlse/- 
characterise the different organs (p.128). 
R*gula tiozk of the notochord is a manifestation of the 
tendency of the enthryo to equilibriate towards 
normalcy and wholeness. But the individuating 
forces are yet to be eearwhed for. 
Bautm,inn (1928) showed that the ohord.a 
Induces the neural tube and Waddington (1938) showed 
that gaetrular lateral plate u1esodexi is also 
0e00ndai1y inductive, Our experiments indicate 
that the whole of the arohentepon roof and not the 
notochortdal part alone is inductive, the neural 
tube being normal (in the beenoe of the notoohord) 
except that its floor is thickened, One can 
safely conclude that the joint inducing role of the 
soni.ito mesoderm is responsible for the neural 
differentiation, 
We know txoin the experimental evidenced. of 
Yainia (1939, 40) that the presence or absence of the 
notochord has a deciding influence on te mesodermal 
tissue determination. Yamada has shown that the 
notochord has a tendency to maintain the mesoderm as 
histologically differentiated somite, kidney and 
pronephros, Needham (1950) octamenting on these 
results writes "that something diffusible at work 
is strongly indicated by the gradation in the effect 
obtained, the tissue nearest to the notochord fragment ', 
for oxsmj].e/... 
example being most fully transformed into well 
differentiated muscles" (p.164). 
Where such a condition of a developmental 
gradient in the mesoderm'-d$termination obtains, 
the phenomenon of the notochord.al regulation itself, 
on the f.oe of it, appeal's to be rth,r anamolous. 
It would appear that at a certain stage  namely 
after neu.rulation, the notochord is essential for the 
mutual determination of the mesodermal elements. 
It is really fascinating to observe, in early stages, 
that in the absence of the notochord cells the other 
mesodermal cells swing towards the notochord.al path 
of differentiation. After the regulation is comple-
ted the notochord exerts its determinative influence"  
on other mesodermal cells, Yamada (1950) vel', 
recently reports that the ventral marginal zone of a 
gastrula am be induced to differentiate into the 
ohox'da.-mesoderm by ammonia treatment. He calls this 
phenomenon "Dorsal isat ion". Cellular plasticity, 
cellular regulation and determination present 
problem s of ever increasing interest for future 
analyses, 
Lebin, m (1933,34) subjecting late blastulae or 
early gastrula to Lithium chloride, gets notochord 
lees larvae anong many other defects, and the myotomes  
are fused mid-ventrally. In another detailed account 
Lebmivan (1937) extends his previous observation on 
notochord suppression by the vital staining technique. 
To explain the absence 	Ehe notochord and presence 
of a single myotomal mass Lebmanfl suggests that the 
notoohordal tissue has been converted into mesoderm, 
and be refers to this tissue as being 'meBoclel'maliaed". 
Later Cohen (1936) repeating Lehmaim'B experiments, 
has expressed his doubts as to the legitimacy of 
regarding this transformation as raesodermal isation. 
This would seem correct, since both the notoohoi'd and 
sctaites .re generally regarded as mesodeiinaL. He 
thinks the issing notochords must have been 
"endodermalieed.". *Uoad1Y (19 38) has obtained 
simi1ar results by allowing eggs of Rana pipiens to 
develop at a temperature of about 30 0C. The converse 
of Lehmarin's notochordal suppression has been 
obtained by Bsnzi and p4 (1939) by using Sodium 
Thiocyaflate, They report an abnormally large noto-
chord and assume that its production is due to 
inhibition of protein metabolism 
Both the disappearance of the notochord under 
experimental conditions (whether me sod.ertnal ised 
according to Lebzpllm or endodermalised according to 
Cohen) and its increase as obtained by iaizi and 
Tni1ni, may be regarded as manifestatiOM of the 
dynamic properties of ohorcia-meeoderfl. These modifi-
cations are the counterpart of the changes in the 
structural differentiation of the archenterofl-roof 
cells under different conditions. 
The/u. 
* As quoted by Cohen 
The fusion of the znyotoines seems to occur in the 
absence of the notoohord but both Kitahin' (1950) 
and my reulte show that such a fusion may or may not 
occur when the notochord has been x'aoyed, Where a 
hair has been implanted it appears to behave as a 
structural barrier, preventing their juxtaposition 
and fusion. The factors involved in the enibryonio 
stretching and the role of the ohoi'da, may be die-
cussed in the light of the experimental results.  
Now we should search for the factors for the 
embryonic stretching and the role of the ohord.a in it. 
We can deduce the following evidences from the 
experiments 
Notochox'dleas embryos do not elongate as do the 
normal ones - the difference being most striking 
after the tail bud. formation, 
Rnbryos In which the notochord has been cubstitu-
ted by a hair behave almost in the same way as 
far as the elongation is concerned, 
Notochord regulated embryos though slightly better 
elongated then (1) and (2) are still far from the 
normal type, 
Isolated notochord from neurula onwards does not 
show any visible elongation as ahoi in Part T. 
These experimental facts lave little doubt that 
the embryonic process of elongation is the result of 
the interaction of the chorda and the embryo itself. 
Elongation is always imperfect or almost negligible 
unlesa/- 
Unless each plays its proper part. In the regulated 
embryos, in spite of the presence of the chox'ia, the 
embryo cannot attain its full elongation. However, 
the removal of the chorda produces a severe detect, 
the reconstitution of which must require considerable 
metabolic energy so that stunted embryonic growth is 
to be expected. It seems that the different organ 
anlagen have an autonomous capacity for expansion 
until the tail bud stage; after this further elonga.. 
tion is due to interaction of the notochord and rest 
Of the embryo. It is proposed to investigate this 
interaction further in future work. 
An experimental analysis involving the removal of 
chords cells has becn performed, 
The noto3hox'd can be regulated if it in removed 
before the neural plate stage. 
The capacity for notoohordal regulation is at its 
height at the middle yolk plug stage; gradually 
the regulative plasticity tails w-th the develop-
ment of hiato.-differentiation until it is 
completely lost, 
The regulted ahorda cells are capable of :rooeed-. 
ing towards the normal path of differentiation, 
Neither the regulated embryos, the notochordlese 
ernbx7oe nor the hair implanted embryos are 
capable of antero-posterior elongation, They fail 
very considerably short of their control. 
It is advanced that embryonic elongation is due to 
interaction between the oborda and the embryonic 
system; without the presence of the ohorda the 
embryo fails to elongate, while the isolated 
formed chorda is also incapable of elongation, 
-.69- 
The sheath, thioh normally surrounds the chorda 
is always absent around the implanted hair, 
The suppression of the notochord by chemical and 
hycioal means or giant notochord produotin 
obtained by other workers and the phenoaenon of 
notoohord.al regulation described here have been 
analysed in the discussion where it has been 
argued that these are all instances of labile 
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PLATES 
PLATE I 
Xfl9flptiofl of -F;LMZes 	co 
Pig, 1, Notochord regulated embryo, 3 days after 
ope ration, 
Pig. 2, Cross-section through Pig. 1 showing the 
regu2a ted. notoohord. 
Fig. 3, Frontal section of a similar embryo. Note 
the notochord. 
Pig, 4. Notochord regula ted embryo, 3 days after 
operation. 
Fig, 5. Cross-cection through Pig. 4 cho'iing the 
notoohord. 
Pig 6, Frontal section of notochord regulated 
embryo, showing the reorganization of the 
chorda cells, 
Fig. 7. Frontal section of the running control 
of Fig, 6, 
PLATE I 
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ELATE II 
xlanatioa of Fipuxes X 50  
Pig, 6 Notochord, regulated embryo after 20 days 
of operation; compare with its rnming 
control, Fig, 12. Note the failure of 
elongation in Fig, 1, 
Fig, 9, Cross section of Pig,8. Note the 
notochord and compare with Fig. 13; the 
regulated ohord.a cells vacuolated and 
polygonal, 
Fig. 10. Notochord.lese embryo after 16 clays of 
operation, short and stunted. 
Fig. 11, Gross section of Pig. 10. Note the 
absence of notochord, fused znyotom and 
thickened floor of the neural tube. 
Pig. 12, Running control of Fig. B. 
Fig. 1,% Cross section of Pig, 12. 
Pig, 14, Cross section of a notoohordless embryo 
after 4 daj. Note the absence of 
notoohord and unfused sozuites. 
Fig. 15. Crosc section of a notoohord1e& embryo 
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LA.L'I III 
iL 
4 days of operation. 
Fig, 17. Cross section of Fig. 16. Note two 
embryonic axes with two notochords and 
unilateral $omitea. 
Fig, 18. Notoohord regulated partial spina bifid.a 
after 4 days of operation, 
Fig. 19. Cross section of Fig. 18, Note th 
regu]a ted notochord of one aide. 
Fig. 20, Frontal section of hair imp1ante 
after 5 days of operation, Note Lhc 
somites prevented from the mid-iorr 
fusion. 
Fig, 21. Cross seotionn of hair impisinte.; 
after 6 days of operation. 1' 	L 
occupying the position of th L 
the notoohordal sheath absent. 
Fig,, 22. Cross section of hair imp1antc iiibr,  
accompanied by the notochordal regui.,ioui. 
after 12 days of operation. Note the 
absence of the sheath along the surface 
of the hair; the regtth ted chord.a cells 
vaouolating and becoming polygonal, 
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INT kOD OT ION  O
Causal analysis ii the basis of modern develop-. 
mental theory. The experimental procedures or 
isolation and transplantation have proved to be very 
rewarding techniques for exploring the causal 
relationships of embryogeziesis, hitherto Unanalysable 
by d.esc iptive means, 	In recent years experimental 
techniques have yielded a vast body of embryological 
data,and in consequence a better insight into the 
Intricate steps of differentiation. Waddington, 
in his "Organiser and Genes" (1947) invites the 
attention of students of deye1onent to this aspect 
by pointing out "What is the ininediate causal 
network underlying this prrticular process of 
differentiation occurring it this particular time" 
(p. 3). 
With this in mind the doubtful factors control-
ling the formation of the notochordal sheath have 
been subjected to causal analysis, It is well known 
that the vertebrate notochord is invested by a 
sheath. It has been generally accepted (ac in the 
standard zoological text books) that the sheath is a 
secretary product of the notochord. 
This conclusion derives from an impressively 
la-rge number of papers based exclusively on desorip-
tive study. In f.ct foa'ition of th notochorda]. 
bheath/ 
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sheath and the development of the vertebral column 
had occupied a focal point of embryological thought 
about the middle of the nineteenth century, 
Hasse (1892), V. Ebner (1696) 9 Klaatsch (1895), 
Schneider (1879) and Bchan.i.nsland (1906) worked out 
the origin of the sheath. Their interpretation was 
that the sheath of the notochord is formed by the 
notochord cells, Gadow (1933), an exponent of verte-
brate morphology, came to the seine conclusion on the 
origin of the sheath as did previous workers. 
Mookerjee (ff,K,ii, 1935) rained iobte as to Gadow's 
interretation of the d.evelooment of the vertebral 
coluuui but he agreed with OPdow and others as to the 
origin of the sheath, Since then no shadow of 
doubt has ever been entertained on the notochordal 
origin of the sheath. Goodrich (1930) summing up our 
knowledge of vertebrate morphology in his "Studies on 
the Structure and development of Vertebrates" writes 
that the notochordal e4thelituu is responsible for 
the secretion of the e].astica intorna and the elastic 
externa of the sheath. 
Tretjakoff (19?7) ns perhaps the only descrip-
tive author who was not contented with the .revailing 
ideas, and thought the elastioa externa to be of meso-
blastic origin. But he satisfied himself by assuming 
that the fibrous sheath was a secretory product of 
the chords, A fundamentally different result was 
obtained by Holtfrete (1939) who, when studying the 
-74-. 
self—differentiating oroperties of the embryonic 
anJ..gen found that the chordri cells removed from the 
early embryonic surroundings never have a oheatb. 
He was of opinion that the sheath—.forming material 
comes from the mesoblastic surroundings. 
An experimental investigation of the origin of 
the notochorcial sheath seems, therefore, necessary 
to test the present views on the development of the 
notochordal sheath. It is the object of this part 
of our study to investigate the origin and develop-
mental mechanism of the sheath formation, 
cpe riinental Subi ec. 
The experiments to be reported in this part were 
performed on the embryos of Triton a1peetris Triton 
palmatu -'rid. Axolotl from the mid.-gastrula to the 
free—swimming larva stage. The majority of the 
operations were done on the neu.rula. 
Plan of 0 eratign. 
A simplified diagram (Text Fi&l) depicts the 
general procedure of the micro—.surgery performed. 
Either pz'ecum?tive notochord cells or notochord of 
the early neural plate stage were removed from the 
embryo with the help of the micro—knife (for details 
virJ' Pirt II, Material and Method). A longitudinal 
was made to open the embryo from the ventral 
surface/— 
u- rio-- 
surface and proceed gradually towards the region of 
the notochord, Notoohord.al cells surrowided by the 
adjoining solerotomas and the neural cells were 
finally cleaned by fixing them against the coloured 
wax surface and freeing the surrounding tissue with 
th- sharp tin of the knife occasionally, 
2 
Text Fagure 1, A sch.cziiatic representation of the 
operational procedure, showing transplinta.-
tions and isolation techniques employed. 
The long chord.a fragment was out into a *,. ieee 
to get rid of the last trace of the adjoining 
unwanted/- 
.-76-. 
unwanted cells. These cells were either transferred 
immediately to another dish for isolation—culture or 
imp].antod into another embryo of the desired stage 
of development. 	Subsequent implantation was 
performed in a separate operating dish where the 
host embryo bias placed beforehand. Generally a 
longitud.ional out was made by drawing the micro—
knife lengthwise and the implant was pushed into the 
host tissue at a suitable depth with the help of a 
probe. Operated embryos were kept under constant 
watch till the healing process was completed. Glass 
bridges were not found particularly helpful in 
keeping the implant in place. These grafts were 
about 4-6 m, rn, length and as a rule always placed 
parallel with the long axis of the host. In many 
cases the graft shifted  rom the original site of 
implantation 10this is found after sectioning the 
embryos. In some oases the implant was grfted into 
the region of the aclerotomes of the embryo - that 
is, nrr tSe host notochord and the basidorsal 
elements. 
Cultt'.re medium, sterilizntiQfl. etc. 
Standard Roltfreter solution with pH regulated 
by the phosphate buffer, was used throughout. Explants 
were cultured in the full strength Holtfreter and 
operated whole embryos were reared in the diluted 
(140th) Holtfretez', 	Rabryos which were kept alive 
for weeks were transferred to the ond water later on. 
Free/- 
_777.. 
Free-siiuuni.ng larvae were anaesthetised by subjecting 
them to 5% ohioretonein Eoltfreter solution for a 
few seconds just before the operation. 
316 experiments were performed during the courso 
of the investigation,of which 150 belong to the 
isolation series, and 165 to transplantation series. 
Details concerning the embryos have been given in 
the case-histories selected. Every experiment was 
accompanied by fixed and running control sets of 
animals. 
Staining • eotioning. etc. 
A limited number of selected cases was 
sectioned. All the sections were out at 10 
thick. The majority of the sections were stained by 
diluted Delafield' a haetnatoxylin; reliable differen-
tiation over the yellow background due to pioric 
acid, from the Bouin was very clear. 	Some material 
was stained for collagen fibres by Mascon' s trichroine, 
Cusa1 snalysi lp of the notochordal sheath-formation 
as revealed by the isolatin technique. 
Ohorda fragments i;cre isolated at different 
stages of embryogenesis to discover the developmental 
relations of induction of the not oohordal sheath, 
The reiuJ.ts are )rese ted below under different heath. 
(a) I-. 
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Isolated presumptive ohorda cells from the late 
gastrula,, 
The middle strip of cells belonging to the 
archenteron roof was isolated and freed from 
surrounding cells. The strips were cultured 
in Holtfreter's solution for 15 days, Most of 
the isolates survived for the whole of this 
period. Histological sections h-ive shown then 
to consist of polygonal vactçLited chords, cells 
without any trace of sheath-material around 
them, The example is shown in P1, I, Fig, 2, 
1:oltci notochord ocile from the neural plate, 
icurul notchcrd cells were isolated as 
above and kept alive for 2 weeks, Histological 
preparations of the isolates show that they were 
perfectly differentiated notochords without any 
trace of the sheath whatsoever. These experi- 
ments show that no sheath is formed in the 
absence of the surrounding cells. The material 
is illustrated in P1. I, Pig. 3, 
Isolated notochord cells from the neural ridge 
stage, 
The notochord is removed as above from the 
surrounding embryonic tisues and cultured in 
isolation for 2 weeks, Even at this stage of 
isolation the notochord lacks the sheath as in 
the previous experiments. This confirms that 
the sheath-forming materials come from outside 
the notochord, A whole mount of such a 
situation/- 
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situation has been shown in P1, I, Fig. t, 
(ci) Isolated notochord from the tail bud stage. 
Notochords of the early tail bud stage, 
at which stage the sheath is already secreted, 
have been cultured In isolation to investigate 
the further accumulation of collagen, that i 
to investigate the factors involved in subse-
quent deposition of the sheath. 
Such notochords, when removed and cultured, 
do not possess more than the thin sheath which 
ha already been laid down at the time of 
isolation. This indicates that the subsequent 
collagenous materials do not come from the 
notochorda]. cells. 	A comparison of the 
notochords of the running controls with the 
experimental ones shows clearly that the 
sheath of the controls is thicker than that or  
the isolates. 
The other set of experiments which comes 
under this head is the comparative study of 
series of notochords isolated at different 
stages. Each series was performed on a batch 
Of 	ten 	tail buds; experiments being 
repeated two times, • Out of the ten embryos 
selected the notochord from one of them is 
removed on the first day of the experiment 
while the remaining nine are unoperated, 
On/-. 
On every third dny a notochord is removed 
from one of the running unoperated embryos. 
On the 27th day from the commencement of the 
experiment the last embryo was operated on and 
the notochord isolated,. These 10 notochords, 
isolated at the desired time, were cultured for 
another two weeks. From them one can follow 
closely the graclual thickening of the sheath, 
The earliest chorda completely lacks collagenous  
material while the latest isolate has i thick 
collagenous sheath (ri, Ix, Pig, 7,8,9). The 
intermediate phases of collagen accumulation 
can be recognised from the chordas isolated 
at intermediate stages, 
(e) Isolated chorda-mesoderm, neural tube and 
ectoderm 
The foregoing experiments show consistently 
that notoohords, when cultured In isolation, 
never form a sheath. In this set of experiments 
chorda accompanied by mesoderm and neural tube 
is ioo]a ted from the neurula and cultured for 
20 days, After long isolations these fragments 
(P]. 'Fig.24,25) were sectioned and stained. In 
such isolates the notochord is surrounded by its 
sheath. The thickness of this sheath is 
comparable with that of the controls, 
SECTION 11/- 
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CT ION II 
Causal arlaly3ic of the notochord.al sheath oriation 
as revealed by the imDlantation techninue, 
A number of experiments involving notochord—
implantation at the different stages of development 
was carried out. Selected cases representing homo-
plastic and heteroplastic series have been dccribed 
and the results are recorded beloi, 
Selected cases in the homoplastic series, 
Case No. - A. 326. 
Post operative age - 5 days 
Time of operation - from a Y4 pl. to late tail bud. 
Figure reference - P1. III, Pig. 12. 
In this experiment chord.a cells were inserted 
into the anterior part of the host embryo. The 
grafted ohorda runs antero—posteriorly and almost 
parallel to the host axis. The serial sections show 
two separate ohordwhioh, over a short distance, 
are in contt with each other. This is shown in 
P1, UI, "Pig, 12. The implanted chorda is located in 
iieal surroundings provided by the sclerotome cells. 
These sections clearly show that grafted chorda has 
induced a sheath around it. 	A close comparison of 
the sheath of the grafted chorda with that of the 
normal one shows that the induced sheath is slightly 
thinner than that of the host. 	It is of interest 
to note the condition of the sheath at the area 
viere the 2 chordas unite. At the point of 
apposition the Sheath of the implanted chorda is 
bard!- 
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hard, to detect while that of the host is just 
detectable. Thus there is reason to suppose that 
wherever there is a free contact of the solerotciae 
With the surface of the notochord an induction of 
sheath material. fo13.rs, The nOtochords of this 
embryo have not yet completely vaouolato& 
Case No, 	218 
Post-operative age 36 da'6 
Time of operation - From a n6  p1, to early tail bud 
Figure reference - Pl. III, Pig. 13, 
The implanted notochord has been placed on the 
right hand. side of the neural tube. The graft is in 
oont with the neural tube. This is the area of 
the solerotome cells to form the right neural arch 
element. As the phota1iiorcgraph (P1.111,, Fig. 13) 
shows, it is clear that the neural arch of the 
Opposite aide, namely the left hand side, is well 
developed; a small piece of the arch element is 
visible between the grafted and normal ohorda. 
The grafted chorda In the sol.erotomia mass has 
induced a perfect sheath around it A close scrutiny 
to determine whether the oollagenoue material has been 
accumulated uniformly around the ohorda shows that 
occasionally there exist pointc where it is not 
thickened thus one thicknese of the sheath itself 
is variable. The induced sheath is comparable 
with normal ones. The grafted ohorda in the arose 
section is almost round in appearance and rune 
parallel with the embryonic axis, 
Caee/-. 
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Case No - A323, 
Poit operative age - 4 days, 
Time of operation fcm n, p1, to tBil bud. 
Figure reference P.4111 0 Fig, 16, 
This embryo is of particular interest as it 
shows a grafted notoohord beneath the eye cup. The 
grafted ohoz'dt, out in the oagittal plane, shows thE 
presence of a thin sheath round it. The cells are 
not yet Yacuoh te& 
U'o No, 	3t, 
Post operative age 4 d.aye 
Tino of operation - Late yolk 21 to n, p1, 
Figure reference - P1, III, Fig, 14 
The ohorda cells have been implanted on the 
right hand side of the host embryo at about the 
level or the future neural arch, 
The transversely out oliorda does not show a 
completed round contour as does the normal one. 
The ooveriig sheath is very distinctly ob;ervd, 
On se No, 324 
Post operative age - 4 days, 
Time of operation - n, p1. to tail bud. 
Figure reference - 'i. hI, -'Pig. i, 
P1, XIX, Fig. 16 shon inigittal section the 
position of the grafted horda and its relationship 
with other structures, The implant is put beneath 
the he-Rd ctoderm and in the mseodezm, A secondary 
bi1arir s been induced in front of tho grafted 
chords, The ohorda material is in continuity with 
the raised eotoderm, Tho c:th i 	nwi3. 
ebEcrved 11 	V :r tho no occi ic r:u.rotznd.ed by 
- mesenchymatkirt cells. Another embryo exists ih this 
series/_ 
series in which the induction of a secondary balancer 
has been oberved just near the normal one, 
Case No. 324. 
Post operative age 23 days, 
Time of operation - n. pi. to tail bud 
Figure reference - P1. III, Fig, 17, 
This embryo is similar to the one described 
before, except that it was 6u.ltured for a longer 
period. The implanted notochord has been placed 
be;ietth te eye cup of the right side, a little 
:by Tts tissue may be seen between the ohorda 
and the eye cup. A very rominent sheath has been 
formed round this notoohord. The unusual position of 
this implanted notoohord with its sheath is of some 
interest, 
Case No, 235, 
Post operative age 27 days. 
Time of operation - ri, p1. to n, ridge. 
Figure reference - P1. V. Pig, 26 and 27. 
This is one of the best implants of the whole 
series, The chorda has been implanted outside the 
host notochord. It rests below t:e left neural arch 
and the spinal gangi on lies iorsal to the graft. 
It is completely vacuob. ted. A very distinct and 
conepicuoua induced sheith is seen. In high 
magnifiction (p1. V. pig 2:) the sheath is iuore ale -r, 
Case No. 36, 
:ost operative age chorda-meooderm piece from a 
neurula to a tail bud. 
Time of operation - 15 days. 
Figure reference - P1. IV. Fig, 23. 
The graft here consists of a piece of notochord 
-.85-. 
with the surrounding inesodex'ui implanted into an 
early tail bud, The grafted piece has iecorne 
well-differentiated into the notochord and the 
mesodextw. This notochord is surrounded by its 
sheath An interesting feature which should be 
noted is that the chorda in one region closely 
apposes the gut; and in this region the continuity 
of the sheath is broken by the absence of the 
collagenous fibres which may perhaps be attributed 
to the absence here of mesodorru tissue. 
Selected cases of the hetroplastic series, 
Case No. - 398, 
Post operative - 3 days, 
Time of operation - Late Yolk p1, to n, p1. 
Figure reference - P1 IV, Fig, 19. 
In this case late yolk-p1u: 	notochord 
from the Axolotl has been grafted into '. ltiatus 
neural plate. In the sections the grafted ohorda 
is much lighter than the host tissue. This grafted 
chorda hss just formed a thin sheath around it. 
This implant is at the right hand side of the host 
chorda and at almost the same level. 
Case No. - 235. 
Poet operative - 8 days. 
Time of operation - n,pl, to n. ridge. 
Figure reference - P1. IV. Fig, 16. 
I 	This embryo is a representative of those in 
which pal.matus notochord was implanted into alpeetria 
embryos. The grafted chorda rests near the a1pestri 
chorda on the loft hand side. The pa].inatua chorda 
has induced a sheathftan the alpestris solerotonie. 
36= 
The process of vacuolization is under way in the 
notochords, 
Case No. - 210 
Post operative - 4 days. 
Time of oueration - n, p.i.. to gastrula. 
Figure reference - P1. IV, ?ig, 21, 
This case is one of the series alpestris chorda 
into pa.lmatus host. 
The implanted chords, runs parallel with and 
apposed to the main chorda. 
The sheath in both notochords is distinct. 
At places the deposition of the sheath around the 
grafted ohord.a is weak, but it is never absent. 
The vacuolization is starting and the notochord 
cells are becoming polygonal. 
Case No. 217. 
Post operative - 29 days, 
Time of operation - n.. - .,l. to early tail bud. 
Figure reference - P1. Iv. Pig. j.0,  
Th1c is an example of palviatüs chorda iznplantd in-
to an dinestris embryo. The notochord has been 
ixalanted on the left hand side of the host embryo. 
It is situated' outside the perichordal tube. The 
shape of the implant is not absolutely round, but 
slightly .iunib—bell in pearance, Both the chordas 
are perfectly vaouot ted. 
A good sheath has been induced by the grafted 
ohorda; its thickness appears almost the same as th$tt 
of the hosts notochord. 
Case/- 
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Case No. - 56A. 
Post operative 16 days. 
Time of operation - neui'ula to neuzula 
Figure reference - P1. IV. Fig, 22. 
This is a graft between an alpestris and a 
palmatus embryo. The chorda mesodem and nerve 
tube from a palmatus have been grafted into an 
a].pestris neurula. The graft has differentiated 
accor ing to its prospective fate. The grafted 
notochord has a thick sheath round it. 
SECTION III,- 
SECTION III 
Poet exr)erlmentql iv1ycir of the nature of the 
sheath ac revealed by Masson's trichrom, 
In this section an attempt has been made to 
tudy the structure of the sheath and to follow the 
ucoeseive changes that it undergoes, 
Masson's trichrome is known to have specific 
staining properties for collagen fibres. The sheath 
makes its appearance (P1. VI, Fig. 28) t the rly 
stage .at which the notochord undergoes its 
I reorganisation phase" (Part I). '.t this time it 
is thin and shining; with increasing age the sheath 
becomes thick and strong. This gradual deposition 
isehown in the four figures of the Plate VI; it is 
clear that there is a continuous process of deposition 
of the sheath—material. 	The previously deposited 
collagen fibres appear coarser while those recently 
deposited are thin and shining. The sheath is shown 
to be a thick jacket of collagenous covering, having 
morphologically two differentiated regions, the 
extreme outer layer being thin ini glistening 




D ve].onmental relationshins in the induction of 
the sheath. 
The experiment-, described, above give evidence 
of a hitherto unsuspected developmental relation 
between the notochord and the curouniing solerotomio 
tissue in the induction of the notochordal sheath, 
The isolation experiments reveal but one 
as-eat of the developmental mechanism of sheath 
induction, They show only that the notochord cello s, 
when removed from the normal embryonic system, are 
unable to form a sheath and that, therefore, sheath-
forming material is not resident within the chorda 
cells. The transplantation experiments show 
clearly two important factors of sheath development, 
viz., (1) bhe ability •.f the notochord to induce a 
0 
sheath from the mesenchymatus surrounding surroun-
dings, anti (2) the cheath-forming r-iterial originat' 
in the eclerotomes. 	The notochord-sclorotome 
relationship in sheath induction is exemplified also 
by the failure of sheath formation at one side of 
the notochord where there is a closely apposed 
piece of hair )reventing contact of the notochord 
-nd eclerotomes. 	Weiss (1949), in a recent review, 
names such type of induction as 'betero-induction', 
in which one tissue induces another tissue, with 
which it has secondarily come in cont'ct, to 
differentiate in a direction different from that of 
th i 
the inducing part. 
A comparison of past interpretations with ours 
shows that this aevelopnlentFtl relation has been 
completely overlooked by previous workers, although 
Tretjakoff (1927) suspected that there might be a 
formative influence for the collagen mobilization. 
He was, however, uncertain. The experimental 
evidence presented here completely inva2ic1tes the 
long accepted theory that sheath is due to 
notochordal ;eoretion; o- theory due to descriptive 
nsistomists, 	Tretjakoff (1927) is partially right 
IL lesoribing the elastica externa to be mesoblastic 
in origin. 	But he, too, holds the notochord to be 
the secretory source of the fibrous sheath. 
Holtfreter, in his isolation experiments (1939), 
reaches the same conclusion that the sheath-building 
materials come from out;ide the chorda cells. 
However, he did not follow up the developmental 
relations in sheath induction. 
The present day embx'yologictl concepts of dev-
elopment as due to inductions, e.& inductions of 
nervous tissue, ear, nose, kidney, etc. describes 
in all oases an inducing tissue acting on a compe-
tent tisue to produce the structure in question, 
This relationship holds good for the formation of 
the ohorda sheath, as evidenced by the fact that a 
foreign chorda can successfully direct the 
tnec,phyiaatouL cells of another species to form a 
notoohordal sheath, 	It is renatupe at this 
stage/... 
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stage, however, to hypothesise the exact nature of 
the sheath inducing substnces. One might ask at 
what precise time are the inducing sub stances 
liberated and whether eclerotome alone is competent. 
The duration of sheath formation. 
The iso]a ted and grafted chorda fragments have 
shown that the mobilization of the collagenous fibres 
is a gradual prooesc3. 	T. e sheath formation may be 
halted at any time if the notochord is removed from 
the source of the collagen, 	Tretjekeff (1927) 
also observed the gradual thickening of the oheath. 
Intra cellular collagenous sheath. 
The sheath around the notochord does not show 
any definite cellular matrix. 	Its arrangement is a 
product of secretion. 	This lack of cellularity 
suggests that it is an intra cellular product of the 
surrounding cells; where studied, collagen fibres 
are found to be intra cellular in vertebrates. 
This sheath can be isolated very clearly after the 
tail bud stage from the notochoz'd,. 	Such an 
isolation is shown in P1. II, Pig, 8.11. 
Parts of the shoath. 
Previous workers have sugge'ted that the 
notochord sheath has two parts, 	Gocdrioh (1930) 
states "At an early stage the notochordal eithe1iurn 
secretes/- 
secretes a thin covering membrane in which inter-
Crossing elastic fibres become differentiated. 
This is the elastica externa. 	Next is secreted, 
also by the notochorcIal epithelium., an inner and 
usually thicker fibrous sheath" (D,9). It has been 
shown above that the sheath is not secreted by the 
notochord, It has also been shown in Part I that a 
single cell of the young notochord becomes larger in 
cross section than the entire ehorda of the stage 
of the beginning of sheath formation. 	It is diffi- 
cult to understand how, in normal development, the 
cutioulap sheath, presumably of secreted material, 
can increase in size as is required by this enlarge- 
ment process. 	There must be so .e limit to the 
elasticity of such a thin and newly formed layer. 
One might suppose that the just formed layer of the 
' sheath undergoes come histogenetic change, becoming 
elastic and distenble as the embryo develops. 
The source of the sheath neceseitat s that all 
subseauent 1-yere be formed outside the first layer. 
It is not i,ossible that the fibrous layers differenti 
ate inside the primarily laid elastica interna as was 
formerly believed. The structure is best explained 
by supposing that sheath formation is a continuous 
process, occurring over a long period, and involving 
continuous transformation, for when the sheath mater-
ial is first mobilised it is thin and glistening; 
gradually this layer assumes a fibrous appearance 
while a new accumulation is laid d.owr 	This does 
not/_ 
not accord with previous workers' analyses of the 
structure and development of the sheath. The elastici 
intex'na, the elastica externa, and the cuticular and 
fibrous layers are in relity continuous when they 
are fully different iated the only distinction between 
lhem is due to difference of refraction. They also 
have a eonuon developmental origin. 	Retention of 
these separate terms does not clarify the structure 
of the sheath but rather confuses the eJerimental 
evidence, 	i think, for simplicity of expression, 
It is better to refer to all these layers together 




1, A detailed causal analysis of the notoohorda]l, 
sheath-formation has been carried out. 
Isolated notochord cells up to late neu.rula 
never form any sheath whatsoever. 
Isol - ted notochords from the tail-bud onwnrd.s do 
not accumulate any further thickening to the 
sheath which is already laid down at the time 
of their isolation, 
It has been shown by these isolation experiments 
that the sheath-forming inaterial comes from the 
surrounding aclerotomic tissue - not from the 
notochord, 
Transplanting the gastrulae and the neu.rulae 
chorda-fragments into the various mesenchymatous 
regions of the neurula, tail-bud and later 
stages, have shown the presence of a sheath 
around the notoohord. The grafted notochord has 
induced sheath-formation in these abnormal region, 
6, Some of the hair-implantation experiments of the 
)reoeding part (PRrt II) also testify to a 
notochord-nesenohie relationship in the 
induction of the 3 heath, 
7. On these experimental grounds it has been 
concluded that there is a developmental relation-
ship between the chorda rfld the scierotc*ne&, The 
notochord acts as an inductor for the formation of 




This experimental evidence has invalidated the 
view previously hold, by many workers that the 
sheath had a notochordal origin. 
As ample evidence has been obtained that sheath-
forming materil comes from sclerotome side 
it is difficult to follow how the fibrous layer 
later differentiates inside the primarily laid 
elast ica-extorna, 
10.1t has been as[uzned that the sheath-formation is 
a gradual process, and that continous trans.-
formation of the successive layers goes on from 
the tail-bud stage onwards, 
11. The complete collagen jacket has been called the 
notochordal-sheath, since elastica interna, 
elastica externa, cuticular layer and fibrous 
layer are in fact the transforming phases of 
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PLATES 
PL F, I 
Exlenation of FjggMs )(300 
Fig. 1. Cross section of isolated chorda cells 
from a neural plate, 
Pig, 2, Cross section of 12 clays' isolated chorda 
cells from a gastrula. Note the absence 
of the sheath and the polygonal shape 
of the cells. 
P.L-g, 3, Front-1 section of 12 days isolated ohorda 
cells from a neural plate. Note the 
absence of the i heath, 
Fig, 4, Whole mount of Bheathless chorda cells from 
a neural ridge, cultured for 15 days in 
isolation. 
Pig. 5. Cross section of isolated ohox'da cells from 
a neural plate, cultured for 2 days. Note 
the absence of sheath around the cells, 
cells not yet vacuolated.. 
Pig, 6, Whole mount of a just iso]. ted tail bud chox'd-; 
the shealhmaterial is pricked at places to 
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ixD1anation of F-.gwe ç oe 
Fig. 7, Whole mounts of two isol.ted ohorda 
fragments. Note th thick and thin 
f11,. chords sheath grcunatc.ti.Y - 	which is due 
to late and. early removi.1 from the embryo. 
Fig, 8, 	Photograph of a living choi'da from a larva .); 
Note the chorda isolited from the sheath 
which forms a jacket around it. 
Fig, 9, 	Cross section of an isolated notochord 
cultured outside the embryo. Note the 
poorly developed collagenoc sheath, 
isoln.ted imniediately t the commencing 
day of experiment. 
Fig, 10, Cross section of the running control 
notochord cf Fig, 9, isol -'ted from the 
embryo qftep 10 	 commencement of 
experiment; furt.er cultured in isolatior 
with Fig, 9, for a oriod Note the strong 
collagenous nheath. 
Fig, 11. Whole mount of a notoohord; notochord 
cells removed on either eider md only 
the investing sheath left, chorda cells 















K1uiatjpii of Piuze. 	50 
Fig. 12. Cøoss section of a notochord impimted 
embryo. Note the induced cheth around 
tie implanted ohord. 
Fig, 14 Cross section of a notochord im)ianted embryo s 
Note the .nduced sheath round the 
implanted chorda, 
Pig. 14. Sagittal üection of an implanted ohoxla, 
Note tho Implanted chorda har been out-
pwthed °1 the covering ectodezn, 
Fig, 15, Cross cection of ui iJflp17x1ted chox1a with 
its sheath. 
Pig. 16. Sagittal section of an embryo. Note the 
- ohorda haogrfted beneath the oye; the 
:heth is distinct. 
Fig. 17, Cross section of an embryo through the brdn 
region. Note the grafted chorda induced a 
sheath beneath the optic cup, the host 
ohorda not yet arrived, 
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 Pig, 18, Cross section of an embryo. Note t'o 
ohorda lying side by side. The notoohordal 
sheathe of both the ohorda are under 
forrnatioz. Palmatus chorda cells into 
alpeatris embryo. 
Fig. 19. Cross 3ection of an embryo. Note the 
axolotl chordn grafted into the palmatue 
embryo. 
'Pig, 20, Cross section of an embryo. Note the dumb-
bell shaped implanted ohorda, the sheath of 
the chorda well formed. 
Pig. 21. Cross section of an embryo, Note the 
alpestris chord.r grafted into the palriiatue 
embryo. 
Pig. 22, Cross section of a palmatus embryo into which 
an axis of the alpestris embryo crafted. 
Note the normal differentiation'of the graft 
ee2eciauy the sheath develoient of the 
notochord. 
Fig, 23. Cross seo 4on of an embryo into which chord.a 
mesoder laterally grafted, Note the 
perfectly normal differentiation of the 
grafted chorda. This grafted chords has 
developed a sheath all around except the 
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Pig. 24, Whole mount view of an isolate comprised 
of a piece of nerve tube, notochord, 
somitea and ectod.ezm, x so 
Pig. 25. Sagittal section of Fig. 24,, Note the 
vaouolated choxda with its sheath. X50 
Pig. 26. Cross section of an embryo. Note the 
grafted chorda with its induced rheath 
lying near the host chord.a. c 'so 
Pig. 27. Cross section of Pig. 27, further 
maiified. Note the prominent rheth 
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ELATE VL 
Explanation of iuz'es. 	tz 
pig. 2, Crous oection of an embryo at very early 
tail bud. Note the thin sheath around 
the notochord, 
29. Cross section of an embryo of a larva. 
Note the notochord.al sheath which ii 
gradually thickening. 
Pig, 	30, Cross section through the notoohord. Note 
the collagenous sheath of notochord., 
further thickened than Fig, 29, 	Note the 
arrangements of the nucleus on either 
side of the sheatb. 
31, Cross section of a further advanced embryo 
through the notochord. 	Note thp niture 
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